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Modeling the Transport of Heavy Metals in Soils

H.M. SELIM, M.C. AMACHER AND LK. ISKANDAR

Chapter 1. Introduction

Retention reactions in soils are important processes that govern the fate of chemical contaminants such as
heavy metals in groundwaters. The ability to predict the mobility of heavy metals in the soil and the potential
contamination of groundwater supplies is a prerequisite in any program aimed at protecting groundwater
quality. Mathematical models that describe the potential mobility of heavy metals must include description of
the retention processes in the soil matrix.

Extensive research has been carried out to describe the retention—-release behavior of several heavy metals
in soils. Fuller (1977). Alesii et al. (1980). Dowdy and Volk (1983). Ellis et al. (1982 ;. and Kabata-Pendias and
Pendias (1984), among others, have presented overviews of retention—release and leaching investigations for
several heavy metals in soils. These publications also describe soil physical and chemical properties that
influence the fate of heavy metals in the soil environment and their potentiai leaching to groundwate - supplies.
Over the last two decades. liowcever, only a limited number of investigations have attempted to quantify the
mobility of heavy metals in the soil profile. Specifically, mathematical models that describe the transport of
heavy metals in laboratory soil columns or in soil profiles under field conditions have only recently appeared
in the literature. -

Sidle et al. (1977) were among the earliest researchers to utilize the convection—dispersion equation for the
description of Cu, Zn, and Cd movement in a sludge-treated forest soil. The primary feature of their model is
that the retention—release mechanism vsas assumed to be fully reversible and of the nonlinear equilibrium
(Freundlich) type. Model calculations resulted in underprediction of the mobility of these metals at two depths.
A similar approach was used by Amoozegar-Fard et al. (1983) and van Genuchten and Wierenga { 1986). where
a linear equilibrium sorption mechanisrh was incorporated iniv the convection—dispersion equation to describe
Cr(VI) mobility in soil columns. Recently, Schmidt and Sticher (1986) found that the equilibrium retention of
cadmium. lead. and copper was successfully described by a two-site sigmoidal Langmuir isotherm equation.

For several heavy metals (e.g.. Cu, Hg, Cr, Cd, and Zn). retention—release reactions in the soil solution have
been observed to be strongly time-dependent. Recent studies on the kinetic behavior of the fate of several heavy
metals include Harter (1984), Aringhieri et al. (1985), and Amacher et al. (1986), among others. A number of
empirical models have been proposed to describe kinetic retention—release reactions of solutes in the solution
phase. The earliest model is the first-order Kinetic equation that was first incorporated iito the convection—
dispersion transport equation by Lapidus and Amundson (1952). First-order kinetic reactions have been
extended to inciude the nonlinear kinetic type (van Genuchten et al. 1974, Mansell et al. 1977, Fiskell et al.
1979). A variety of other kinetic reactions are given by Murali and Aylmore (1983). Amacheretal. (1986) found
that the use of single-reaction kinetic models did not adequately describe the time-dependent retention of Cr,
Hg, and Cd for several initial concentrations and several soils As a result Amacher et al. (1988) developed a
multireaction model that includes concurrent and concurrent—consecutive processes of the nonlinear Kinetic
type. The model was capable of describing the retention behavior of Cd and Cr(VI) with time for several soils.
In addition, the mode! predicted that a fraction of these heavy metals was irreversibly retained by the soil. A
literature search revealed that no studies were carried out on the description of heavy metals transport in soils
where the retention-release reactions are based on kinetic mechanisms. The study of Amoozegar-Fard et al.
(1984) is perhaps the first study to investigate the mobility of Cd. Ni, and Zn using a fully reversible tirst-order
kinetic reaction.




The failure of single-reaction models (e.g. Freundlich and Langmuir) to describe the retention and partic-
ularly the slow release of several solutes resulted in the development of a number of multireaction (multisite)
models based on multiple retention—release reactions, which may be of the equilibrium or time-dependent types.
The two-site Langmuir model is one of the earliest multisite models. A derivation and proposed use of this model
was given by Sposito (1982). As an alternative, an equilibrium—Kkinetic two-site model was proposed by Selim
et al. (1976). The success of the two-site approach leads us to believe that a more universal multireaction
(multisite) model is plausible.

SCOPE OF THE MONOGRAPH

The scope of this monograph is to present an overview of the retention of heavy metals in soils and methods
of modeling their transport based on the classic upproach of the convection—dispersion equation. This chapter
describes widely used solute-retention models with emphasis on solute-retention mechanisms characterized by
time-dependent (orkinetic) and nonlinear-type reactions. Chapter 2 gives retention properties based on equilib-
rium (Freundlich)-type sorption for several heavy metals by a number of soil orders.

In subsequent chapters, we present four general-purpose multireaction, multisite, kinetic-type models for
describing the behavior of heavy-metal retention and mobility in soils; namely the MRM, MRTM. SOTS model.
and SOMIM. These models are discussed in detail in Chapters 3, 7. and 8, respectively. Briefly, the major
features of each model are as follows:

» MRM—A multireaction model that includes concurrent and concurrent—consecutive retention
processes of the nonlinear kinetic type. It accounts for equilibrium (Freundlich) sorption as well as
irreversible reactions. The processes considered here are based on linear (first-order) and nonlinear
kinetic reactions. The MRM is capable of describing heavy metals under batch (kinetic) conditions
where water flow is not considered.

«  MRTM—A multireaction and transport model that represents an extension of MRM., with the re-
tention processes incorporated into the convection—dispersion equation for solute transport in soils
under steady water flow.

+ SOTS—A second-order kinetic approach for describing solute retention during transport in soils.

This approach accounts for the sites on the soil matrix that are accessible for retention of the reactive
solutes in solution. One can assume that these processes are predominantly controlled by surface
reactions of adsorption and exchange. The second-order reactions associated with the two sites may
be considered as kinetically controlled, heterogeneous chemical retention reactions.

« SOMIM—An extension of the second-order model of the diffusion—controlled mobile-immobile
ortwo-region concept. Specifically, we consider the processes of retention to be controlled by two
types of reactions: namely, a chemically controlled heterogeneous reaction and a physically con-
trolled reaction. The first is governed according to the second-order approac'-, whereas the latter
is described by diffusion or mass tra~sfer of the mobile—immobile concept. Irreversible reaction of
the first-order kinetic type was al' incorporated in the transport model.

Computer codes and sample input/output runs from each of these models are given in the appendixes. In

addition, validation of the above models based on selected studies are given in Chapters 4, 5, 6. and 9.

EQUILIBRIUM RETENTION MODELS

It is well accepted that, under steady water flow conditions, transport of dissolved chemicals in soils is
governed by the following convection—dispersion transport equation (Brenner 1962):

p ds/dr + Odc/or=© D %c/ax® — v dcfdx — Q (1-n

where ¢ = concentration of the dissolved chemical in the soil solution (mg L"')
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s = mount of solute retained per unit mass of the soil matrix (mg kg")
D = hydrodynamic dispersion coefficient (cm2 duy_l )

v = Darcy’s water flux (cm hr'l)
©® = volumetric soil moisture content (cm3 Cl‘l‘l_3)

r = soil bulk density (g cm™)

t = time (hr)

x = soil depth (cm).

The two terms on the right-hand side of eq 1-1 are commonly known as the dispersion and convection terms.
respectively. The term ds/0r represents the rate for reversible solute removal from the soil solution. In contrast,
the term Q is a source or a sink representing irreversible solute production (Q negative) or solute removal (Q
positive) from the soil solution {mg em ™ hr! ).

Over the last two decades, several analytical models for the description of solute transport in porous media
have been proposed. One group of models deals with solute transport in well-detined geometrical systems of
pores and/or cracks of regular shapes or interaggregate voids of known geometries. Examples of such models
include those of Rasmuson and Neretnieks (1980) for unitorm spheres, Tang etal. (198 1) for rectangular voids.
van Genuchten et al. (1984) for cylindrical voids. and Rasmuson (1985) for discrete aggregate or spherical size
geometries. van Genuchten and Dalton (1986) provided a review of models utilizing such an approach. Solu-
tions of these models are analytic. often complicated. and involve several numerical approximating steps. Re-
cent applications include transport in fixed beds consisting of spheres or aggregates (Nkedi-Kizza et al. 1984,
Goltz and Roberts 1986). Another group of transport models that are widely used are those that do not consider
well-defined geometries of the pore space or soil aggregates. Rather, solute transport is treated on a macroscopic
basis withp. ©. v, and D of eq 1-1 as the associated parameters that describe the transport processes in the bulk
soil. The “mobile-immobile™ transport models are refinements of this macroscopic approach. Here. it is as-
sumed that soil-water is divided into two regions. One is a mobile-water region that is considered to be present
in large pores and through which solute transport occurs by convection and mechanical dispersion. The other
is an immobile-water region present in the bulk matrix and through which relatively little or no water flows.
Mobile—immobile models have been introduced by Coats and Smith (1964), Skopp and Warrick (1974). van
Genuchten and Wierenga (1976), and Skoppetal. (1981). The mobile-immobile models have beenextensively
used to describe several solutes (for a review. see Nielsen et al. 1986).

Description of the solute retention mechanisms as expressed by the term ds/dr has been the focus of inves-
tigators for several years. Such a description, when incorporated into ey 1-1, provides a predictive tool for the
transport of dissolved chemicals in the soil profile. Most mathematical models that describe the retention mech-
anisms are based on the validity of the local equilibrium assumption (LEA) in the soil system (Rubin 1983).
Here itis assumed that the reaction of an individual solute species in the soil is sufficiently fast or instantaneous
and that an “apparent equilibrium™ condition may be observed in a few minutes or hours. Such a behavior has
been used as the basis for soil surface adsorption mechanisms as well as ion-exchange reactions. For a review
see Travis and Etnier (1981). Murali and Aylmore (1983). and Amacher et al. (1986). Linear, Freundlich. and
Langmuir sorption models are perhaps the most commonly used equilibrium-type models for describing the
retention of a wide range of dissolved chemicals in soils. A partial listing of equilibrium type models is given
in Table 1-1. The linear and Freundlich models utilize the solute distribution coefficient (K ). which partitions
the solute between that in the soil solution and the amount sorbed by the soil matrix. A discussion of the K 4 para-
meter and its capability for describing contaminant migration is given by Reardon (1981). Unlike the Langmuir
models. linear and Freundlich models do not include a maximum sorption term (sm:“). This is a disadvantage
since the capacity of the soil for solute removal. i.e.. the total sites, is finite and should be an important limiting
factor. Langmuir models are perhaps the most widely used equilibrium models for describing the fate of solutes
such as phosphorus and heavy metals in soil (Larson 1967, Amacheretal. 1988). The two-site Langmuir model
may be considered as one of the earliest multireaction-type models. Here one assumes complete equilibrium
and partitions the reaction sites into two fractions. Holford et al. (1974) were one of the earliest researchers to
evaluate this model for describing P retention by several soils. Recently, the two-site Langmuir was modified
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Table 1-1. Selected equilibrium and Kkinetic type models for
solute retention in soils.

Model Fornudation

Equilibrium type

Linear s=K, ¢

Freundlich (nonlinear) s=K "

Langmuir s=bc sm/(l + he)
Langmuir with sigmoidicity s=bhc s"m/(l +be + k/¢)
Kinetic type

First-order s/t =k (©/p) c~k, s
nth order 9s/ot =k (8fp) " -k, s
Irreversible (sink/source) ds/dt = ks ®©r) (- cp)
Langmuir kinetic ds/ot = k ©Ip)c (s, ~5)—kys
Elovich ds/dt = A exp(-Bs)
Power 9s/dr =k (©/p) " s™
Mass transfer ds/or =k (©/p) (¢ ~ c*)

to incorporate the sigmoidal shape of Cu, Pb, and Cd sorption isotherms observed at extremely low concentra-
tions (Schmidt and Sticher 1986). The equilibrium models given in Table 1-1 have been used to describe ad-
sorption isotherms for a wide range of heavy metal species and organics (Travis and Etnier 1981, Amacher et
al. 1988).

Other types of equilibrium models are those based on ion-exchange reactions (Rubin and James 1973,
Valocchi et al. 1981). Unlike previous models, which are empirical in nature, ion-exchange models are based
on rigorous thermodynamics where the reaction stoichiometry is explicitly considered. A set of recursion for-
mulas has been formulated by Rubin and James (1973) that describe exchange isotherms for multiple ions in
the soil. Recently, aqueous equilibrium reactions, along with ion-exchange reactions, have been used to
describe multiple-ion transport in soils (Jennings et al. 1982, Miller and Benson 1983). Ion exchange has been
used by several researchers to describe the transport of ions, including Na, Ca, Mg, Zn, Li, Cs, and Cd, in the
soil suiution (Valocchi et al. 1981, Persuad and Wierenga 1982, Cederberg et al. 1985).

KINETIC MODELS

It has been observed that the amount of solute retained (or released) from the soil solution may be strongly
time-dependent. Several models have been proposed to describe the kinetic reactions of dissolved chemicals
in the soil solution. Most common is the first-order kinetic reaction, which was incorporated into the convec-
tion—dispersion transport equation by Lapidus and Amundson (1952). Such reactions are assumed to be fully
reversible, and the magnitude of the reaction coefficients determines the time when apparent equilibrium may
be attained. The first-order kinetic model has been modified to account for the nonlinear kinetic behavior of re-
tention mechanisms. Such a modified model was used successfully to describe the retention of heavy metals
in batch and miscible displacement studies (Harter 1984, Aringhieri et al. 1985, Amacher et al. 1986, 1988).
Another fully reversible model is that of the Langmuir kinetic type (see Table 1-1), which is nonlinear and in-
cludes a maximum retention capacity term (Rubin 1983). A discussion of the kinetic behavior of the Langmuir
sorption reaction mechanisms during transport is presented by Jennings and Kirkner (1984).

Another type of kinetic model is the two-site model proposed by Selim et al. (1976) and Cameron and Kiute
(1977). This model was developed to describe observed batch results that showed rapid initial retention reac-
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tions followed by slower reactions. The model was also developed to describe the excessive tailing of break-
through results obtained from pulse inputs in miscible displacement experiments. Single retention models of
the first- and nth-order kinetic type consistently failed to describe such batch or miscible displacement results.
The two-site model is based on several simplifying assumptions. It is assumed that a fraction of the total sites
(referred to as type | sites) are highly kinetic in nature. As a result, type [ sites were assumed to react slowly
with the solute in the soil solution. In contrast, we consider type 2 sites to react rapidly with the soil solution.
The retention reactions for both types of sites were based on the nonlinear (or nth-order) reversible kinetic ap-
proach outlined in Table 1-1. The convection-dispersion transport equation with the two-site retention mech-
anism may be expressed as

© 3c/dt = © D 3%c/ox* —v 3c/dx — (k, Oc” —k, ps,) ~ (ky O™ ~kd rs2) (1-2)

3s /3t =k, (Ofp) " —ky s, (1-3)

0s,/0t = ky (Ofp) ™ ~k, 5, (1-4)
where

sp=s,+S, (1-5)

where s, and s, are the amounts retained by type 1 and 2ssites, respectively, and s.. is the total amount of solute
retained. The nonlinear parameters m and n are usually considered less than unity and n # m. For the case n =
m = 1, the retention reactions are of the first-order type, and the problem becomes a linear one.

This two-site approach was also considered for the case when type 2 sites are assumed to be in equilibrium
with the soil solution. Such conditions may be attained when the values for the forward and backward (or &
and £,) rate coefficients are extremely large in comparison to the water flow velocity (v). That is, the local
equilibrium assumption is valid for type 2 sites (Valocchi 1985). Under these conditions, the solute convection—
dispersion transport equation for a combined model of equilibrium and kinetic retention is (Selim et al. 1976)

R 3c/dt =D 3c/ox® — v dc/dx — [k, " —k, (/) 5,] (1-6)

R=1+(p/@)K,mc™"! | (1-7)
and

s, =K, " (1-8)

where eq 1-7 and 1-8 describe a Freundlich-type equilibrium reaction. The term R of eq 1-7 is the retardation
factor, which for this nonlinear case is a function of c. The two-site model has been used by several scientists,
including De Camargo et al. (1979), Raoet al. (1979), Hoffman and Rolston (1980), Nkedi-Kizza et al. (1984),
Jardine et al. (1985), and Parker and Jardine (1986). It proved successful in describing the retention and transport
of several dissolved chemicals including Al, 2,4-D, atrazine, P, K, Cd, Cr, and methyl bromide.

The two-site model described above may be considered as a multireaction model since more than a single
reaction and/or sorbed species of the solute were considered. However, the two-site model is restricted to fully
reversible mechanisms and it does not account for possible consecutive-type solute interactions in the soil sys-
tem. Mansell et al. (1977) proposed a first-order irreversible kinetic process to describe possible precipitation
of phosphorus in miscible displacement studies. Recently, Amacher et al. (1986, 1988) showed that the sink
term was necessary to describe batch results for Hg, Cd, and Cr retention vs time for five different soils. This
sink term is similar to that for diffusion-controlled precipitation reactions if one assumes that the equilibrium
concentration for precipitation is negligible and that £_is related to the diffusion coefficient. Among kinetic
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models that are used to describe the rate of irreversible reactions is the Elovich model given in Table 1-1. For
further discussion of irreversible kinetic models, see Travis and Etnier (1981) and Selim (1989).

Models that account for reversible as well as irreversible processes of solutes in the soil environment (i.e.,
multireaction models) may be regarded as simplified versions of multicomponent models that account for
chemical and/or biological reactions of the sequential and concurrent type. Examples of these reactions include
precipitation/dissolution, mineralization, immobilization, biological transformations, and radioactive decay,
among others. Models that account for first-orderkinetic decay reactions include those of Rasmuson (1985) and
van Genuchten (1985). Other. more complex. models are those based on ion-exchange reactions for multiple
ions along with chemical equilibrium reactions in the soil solution. Examples of such models include those of
Jennings et al. (1982), Miller and Benson (1983), and Cederberg et al. (1985). There are several advantages in
utilizing such models since they are flexible and can be adapted to incorporate other processes as deemed
appropriate. The governing reactions may be kinetic or equilibrium in nature. Furthermore, these models are
not restricted to a specific number of solute species with either concurrent or consecutive reactions.

A prerequisite for the adoption of a multireaction model as a predictive tool, however, is that it must be
validated for a specific contaminant and the conditions under consideration. To carry out complete validation
of suchamodel often requires extensive laboratory evaluation of necessary model parameters. The dependence
of model parameters on other variables such as pH, temperature, and redox potential must be determined. The
model must also be evaluated for a range of soils with different physical and chemical properties.

Whenrigorous validation of the model is not possible, a partial validation based on a limited data set obtained
in the laboratory is necessary. After laboratory validation, the model should be tested with data sets obtained
from controlled field experiments. Field evaluation often results in several modifications of the model. In some
cases, it may be desirable to have more than one model version, with each applicable to a specified set of
conditions. Although it is often recognized that data sets that are suitable for model validation may not be
available, it is essential that partial model validation be performed.




Chapter 2. Heavy Metals Retention in Soils: A Simplified Approach

For many years, potentially harmful substances have been added to soils through land application of agri-
cultural chemicals, industrial wastewater and sludge disposal. landfills, and leaking hazardous waste storage
sites. The potentially harmful substances, including heavy metals, pesticides and other industrial organic
chemicals. and even plant nutrient supplements, may contaminate soils, surface water bodies. and subsurface
aquifers. Thus, concern about soil and water quality has led to an increased interest in understanding the proc-
esses of solute reactions and transport in soils.

To predict the transport of these solutes, models that include retention and release reactions of solutes with
the soil matrix are needed. Retention and release reactions in soils include precipitation/dissolution, ion ex-
change. and adsorption/desorption reactions (Amacher et al. 1986). Retention and release are influenced by a
number of soil properties including texture, bulk density, pH, Eh. organic matter, and type and amount of clay
minerals. Adsorption is the process whereby solutes bind to surfaces of soil particles to form outer- or inner-
sphere solute-surface site complexes; ion exchange is the process whereby charged solutes replace ions on soil
particles. Adsorption and ion exchange are related in that an ionic solute species may form a surface complex
and may replace another ionic solute species already on the surface binding site. Strictly speaking, the term
retention or the commonly used term sorprion should be used when the mechanism of solute removal from
solution in soil is not known, and the term adsorprion should be used only to describe the formation of solute-
surfuace site complexes. However, sorption is often used to include all processes mentioned above, even though
the processes in most experiments cannot be distinguished.

Solute retention and release by soil matrix surfaces are described by equilibrium models and by kinetic or
time-dependent models. Equilibrium-type models assume rapid or instantaneous reactions of the solute with
the soil matrix. Common approaches are Langmuir-type models with a maximum sorption term and linear and
nonlinear Freundlich-type models without a maximum sorption term. Kinetic models describe retention and re-
lease as a function of time and include irreversible and reversible 1st-, 2nd-. and nth-order models. However,
the ability of a particular model to describe data does not reveal the actual nature of the retention process (Sposito
1984, Skopp 1986).

A SIMPLIFIED APPROACH

The Freundlich equation is perhaps the simplest approach for quantifying the behavior of heavy metals in
soils. It is certainly one of the oldest of the nonlinear sorption equations and has been used widely to describe
solute retention by soils (Helfferich 1962, Sposito 1984. Travis and Etnier 1981, Murali and Aylmore 1083).
The nonlinear Freundlich equation is

S=K,c 2-1)
where § is the amount of solute retained by the soil (mg kg" ). ¢ is the solute concentration in solution (mg LN,
K, is the distribution coefficient (cm3 kg" ), and parameter b is dimensionless and typically has a value of h <
1. The distribution coefficient describes the partitioning of a solute species between solid and liquid phases over
the concentration range of interest and is analogous to the equilibrium constant for a chemical reaction.

Although the Freundlich equation has been rigorously derived (Sposito 1980), its goodness-of-fit to solute
retention data does not provide definitive information about the actual processes involved, since the equation
is capable of describing data irrespective of the actual retention mechanism. Complex retention processes can
often be described at least in part by relatively simple models such as the Freundlich equation. Therefore. the
Freundlich parameters K g and b are best regarded as descriptive parameters in the absence of independent
evidence concerning the actual retention mechanism.




An extensive body of literature describes the retention of various elemients by soils (e.g.. see the review by
Travis and Etnier [ 1981]). In most cases the retention of a single element by a few soils is the subject of a given
study (e.g., Goldberg and Glaubig 1986). Some researchers. such as Harter (1983), have compared retention
of different elements. Korte et al. (1976) applied 11 trace elements to 11 soils from 7 soil orders and compared
qualitatively the relative mobilities of thie trace elements. Comprehensive studies of the retention of several
ciements by widely divergent soils are. however. for the most part lacking.

In this chapter we quantify (using the Freundlich equation) and compare retentionof 15 elements by 11 soils
from 10 soil orders. We also relate retention parameters K, and b 10 basic properties of the soils and elements.
This simplitied approach also provides characteristics of retention properties of elements for which data are
seldom available as well as a database of retention parameters for future studies.

SOILS AND METHODS

Soils

The namexs, taxonomic classification, and selected properties of the 11 soils used in this study are listed in
Table 2-1. The B2 1h horizon of the Spodosol and the Ap horizons of the other soils were used in the retention
study. The soils were characterized by the Soil Testing and Soil Characterization Laboratories at Louisiana State

Table 2-1. Taxonomic classification and selected soil properties.

Sum of
cations exch. Percent
TOC (emolkg 'y Amor. Free
Soilt*  Horizon  Taxonomic classification pH (%) CEC Ol MnO, Fe, 0, Fe O, ALLO, CuCO_ Sund  Silt Clay

Alligator  Ap Very-tine. montmorillonitic,
acid.thermic

Vertic Haplaquept 4.8 154 302 35 0028 033 074 015 — S8 394 547
Unnamed Ap Calciorthid 8.5 044 147 338 0015 0050 025 0000 7.39 0 700 193 107
Cecil Ap Clayey. kaolinitic, thermic

Typic Hapludult 57 061 20 20 0001 09 176 027 — 8% 129 &3
Cecil B Clayey. kaolinitic, thermic

Typic Hapludult 54 026 24 66 0002 0082 748 094 — 300 188 512
Kula Apl Medial.isothermic

Typic Euthandept 59 6.62 225 824 0093 168 585 351 — 737 234 09
Kula Ap2  Medial,isothermic

Typic Euthandept 6.2 698 27.0 585 013 1.64 695 67 — 666 329 05
Lafitte Ap Euic, thermic

Typic Medisaprist 39116 269 37 000 119 Lle 028 — 607 217 176
Molokai  Ap Clayey, kaolinitic,

isohyperthermic

Typic Torrox 60 167 110 72 076 019 124 0.91 — 257 462 22
Norwood  Ap Fine-silty. mixed (cale.),

thermic

Typic UditTuvent 69 021 41 00 0008 0061 030 0016 — 79.2 X1 23
Olivier  Ap Fine-silty, mixed, thermic

Aquic Fragiudalf 66 083 86 19 027 0.30 071 0071 — 44 %94 62
Unnamed B2th  Spodosol 43 198 27 52 00 0009 0008 022 — 902 60 3R
Webster  Ap Finc-loamy, mixed, mesic

Typic Haplaquoll 76 439 481 141 0063 019 055 010 i+ 275 480 200
Windsor  Ap Mixed. mesic

Typic Udipsamment 53 203 20 102 0041 042 123 056 — TeX 205 2%
Windsor B Mixed. mesic S8 067 08 101 0031 023 079 029 — 48 241 1.1

* The states from which the soil samples originated are Louisiana (Alligator, Lafitte, Norwood, and Olivier soils). South Carotina tCecil
soil), Hawaii (Kula and Molokai soils). lowa (Webster soil). New Hampshire (Windsor soil), New Mevico (Calarorthid)y, and Florida
(Spodosot).




University. They were air-dried and passed through a 2-mm sieve before use. The following methods were used
to identify the properties of the 11 soils:
» Soil pH was measured using a 1:1 soil-water suspension (McLean 1982).
» Total organic carbon (TOC) and carbonates were determined by wet combustion methods with gravi-
metric determination of CO,, (Nelson 1982, Nelson and Sommers 1982).
» Cationexchange capacity (CEC) was determined by summing the exchangeable bases plus aluminum
as determined by replacement with 0.1 M BaCl,-0.1 M NH Cl.
* Exchangeable OH was determined by replacemént with F ions (Perrott et al. 1976).
* MnQ, and amorphous Fe,0, were determined by extraction with 0.25 M NH,OH-HC1-0.25 M HCI
at 50C (Chao and Zhou 1983)
s Free Fe ,O,and AL, O, were determined by extraction with dithionite-citrate-bicarbonate (Mehra and
Jackson 1960) tollowmg destruction of organic matter using pH 9.5, 5.25% NaOC]I (Anderson 1963).
* Sand content was determined by wet and dry sieving.
* Clay content was determined by the pipette method (Gee and Bauder 1986).
» Silt content was determined by difference.
Some of the CEC and free iron oxide values listed in Table 2-1 differ from those reported earlier (Amacher
et al. 1986) because different horizons and batches of soil were used in the different studies and the CEC and
DCB methods were changed or modified from those used earlier.

Metals

The 15 elements used and their forms and concentrations are listed in Table 2-2. Whenever possible. the ni-
trate salt of the cationic elements was used. Potassium. sodium. or ammonium salts of the oxyanion elements
were used. Each solution contained a background salt of 0.005

M Ca(NO,),. Table 2-2. Concentrations and forms of
N elements.

Experimental procedure

Retention of the elements was studied using a batchequili- £/t Form Concentrations
bration method (Amacher et al. 1586). One-gram samples of Co Co(NO,), 6H,0 A
each soil were mixed with 10-mL aliquots of the solutions. Ni NitNO,), 6H,0 A
Replicate samples for each soil-element concentration com- Cu CuNO,), 25H,0 A
bination were carried through the procedure. In addition. one Zn Zn(NO,), 6H,0 A
sample foreach concentration without s6il was carried through cd CANO,), H,0 A
the procedure to account for possible contamination or other :g :fflv o i
sorption losses. The samples were shaken for 18 hrat 100 osc e K,ér,03 A
min~!, filtered through quantitative filter paper. and analyzed Mo (NH ) ,Jlo 0. 4H.0 A
by ICP (inductively coupled plasma) emission spectrometry. B H,BO, A

The amount of each element retained by each soil s (mg Pb Pbi NO‘): A
kg™ h was calculated from the initial concentration in solutlon P KH,PO, D
(mg L™ ') and the final concentration ¢ in solution (mg L™, As Na,HAsO, 7H,0 A

The parameters K 4 and b in eq 2-1 were determined for S Na,SO, C
each soil and element combination using nonlinear regression Se Na,S¢0, A
analysis (SAS 1985). A: 0.01,0.05.0.1,0.2.0.5.1,5,10.50. 10 mg L™,

B: 0.1.0.2,05.1.5.10.50, 100mg L ',
C: 1,2.5.10,25,50,75.100.150. 200 mg L.

RETENTION CHARACTERISTICS D: 10, 20.40. 60, 30, 100, 200, 300, 400, 500 mg L .

Because of a high degree of retention of certain elements by some of the soits, many of the final element con-
centrations were at or below the practical detection limit of the ICP instrument. Since these data points were
not reliable, they had to be discarded. Of the original 3300 measurements. 1564 could be used. The detection
Ilmlt for most of the elements was between 0.05 and 0.1 mg L™ ' It was lower for Cd and Co (0.01 10 0.02 mg

), and higher for B and Se (>0.5 mg L™"). Because the original concentrations were higher. all P and S final
concentrations were well above their detection limits.
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In complex heterogeneous systems consisting of many components, such as soils, many of the element re-
tention reactions will not attain equilibrium in the 18-hr period used in this study. Only the more rapid surface
exchange and complexation reactions will attain equilibrium in this time period (Amacheret al. 1988). Never-
theless. simple equilibrium models such as the Freundlich equation can still be used to describe retention data
at a single point in time. and this is the approach used here.

For this study we considered only the total concentrations of the elements of interesteven though itis clearly
recognized that numerous hydrolysis and other species will form in solution and on the soil surfaces. To turther
complicate matters, elements such as V, Cr, Co, Hg. As, and Se can undergo redox reactions with soil compo-
nents such as organic matter and manganese oxides. Thus. the initial form of the ions may change upon reaction
with the soil. although the rates of these transformations are often quite slow (e.g.. Cr{ V1] reduction by organic
matter at normal soil pH levels { Amacher and Baker 1982]). Different results should be expected if different
element species are reacted with the soils. To simplify the discussion. we use the element symbols to refer to
the initial ion species used (Table 2-2).

Usually the logarithmic form of the Freundlich equation is used rather than the exponential form. but linear
regression using the logarithmic form may produce different parameters than nonlinear regression using the ex-
ponential form. We used the exponential form of the Freundlich equation and determined K gandb by nonlinear
regression analysis. Kinniburgh (1986) also recommended this approach.
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Figure2-1 Retention isotherms for cadmium on selected — Figure 2-2. Retention isotherms for chromium on selected
soils. The soil abbreviations are defined in Tuble 2-3. soils. The soil abbreviations are defined in Tuble 2-3.

Retention isotherms of a cation species (Cd) and an oxyanion species (Cr) for several soils are shown in Fig-
ures 2-1 and 2-2 as examples. Similar isotherms were obtained for other elements and soils. Fora givensolution
concentration, soils with a high pH or CEC orthat contained large amounts of iron and aluminum oxides retained
more of a given cation species than did low-pH or low-CEC soils or soils with minor amounts of metal oxides.
Soils with large amounts of metal oxides also retained more of a given oxyanion species than did those with
minor amounts of metal oxides. Low-pH soils retained more of a given oxyanion species than high pH soils.
which is in contrast to cation retention.

Retention isotherms for several cation and anion species on an Alligator soil are shown in Figures 2-3 and
2-4 for comparison. Similar isotherms were produced for the other soils. In general. Cu and Pb were strongly
retained compared to the other cation species. Greater retention of V. Mo, P, and As as compared to Crand B
was observed.

For some element and soil combinations (figures not shown), deviations from the Freundlich isotherm were
observed at low and high concentrations. Deviations at low concentrations are thought to be a result of analytical
uncertainties in the data. Deviations at high concentrations are likely to be violations of the requirement that,
for the Freundlich equation to be applicable, the solute species of interest be at low concentrations relative to
the concentrations of other ions they are replacing on the soil surfaces (Sposito 1980).

Estimated values forlog K 4 and h are shown in Table 2-3. The SAS general linearmodel (GLM)and Tukey's
mean separation method were used to determine if mean log K 4 and b values for each element were significantly
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mean separation method were used todetermine if mean log K(l and ~values foreach element were significantly
different over soils (SAS 1985). The results are presented in Table 2-3. Strongly retained ions such as Pb, Hg,
Cu. V. and P had the highest K, values, as expected. Cationic species tended to have higher h values than the
oxyanions overall. Phosphorus had the lowest /» values observed. Among the cations, the strongly retained Pb,
Hg. and Cu species had the highest b values (for some soils 5 > 1) and had the most variability in / values across
soils. The oxyanions also had highly variable b values across soils.

A T-test was used to compare b pairwise (Steel and Torrie 1980 [p. 258]) for each soil and element
combination: from Figure 2-5 it is possible to determine whether / for a given element—soil combination is
significantly different from # for another element—soil combination. Match an element listed in the columnon
the left side of Figure 2-5 with another element listed in the row across the top. Foreachsoil position in the square
an v, a blank space, or adot symbol is shown. An vindicates that the / values for the particular pair of elements
being compared for anindividual soil are not statistically different at the 0.05 level of probability. A blank space
indicates that the b values being compared are statistically different. A dot indicates that one or both » values
inthe paired comparison are missing. The soils are arranged in each square alphabetically beginning in the upper
left corner. The transition metal cations Co and Ni and the group 1B cations Zn and Cd tended to have the same
h values for any given soil. Although Hg is a group IIB cation, b values for Hg were different from those for
Zn and Cd in many cases largely because of stronger retention of Hg by the soils.

Among the transitionmetal cations, Cu had the highest and lowest h values and the highest K ,values. Among
the transition elements. Cu also has the highest stability constants for divalent ion complexes of a given ligand
insolution. Thus. if formation of complexes between Cu and soil surface binding sites is analogous to formation
of solution complexes of Cu, and if Kd is analogous to stability constants for complexes. then the higher K
values for Cu are in accord with this theory. Among the transition element oxyanions, Cr had lower K,and b
values than V and Mo for all soils. Among the main group oxyanions. B had lower K | values than As or P. and
b values for the three elements were highly soil-dependent.

We correlated the log K and h values to the soil properties listed in Table 2-1. The simple correlation
coefficients for statistically significant relationships are listed in Table 2-4. The log K, vialues for the transition
13
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K ,and pH is often observed for a given sorbing material (e.g., Kurbatov plots [Sposito 1984]). Since soils con-
tain many different sorbing materials, K d and pH relationships for a given soil or among soils as was observed
in this study are a result of many complex interactions. Further work is needed on the nature of K 4 and pH re-
lationships for single sorbing materials, mixtures of materials, soils, and groups of soils. Quantitative relation-
ships among single sorbents, soils, and groups of soils would have some predictive value in modeling studies.

Strong correlations between soil pH and b values for the transition metal cations and group 1IB metals were
also found, except for Cu and Hg. Although log K 4and b for the oxyanions were not statistically related to pH
(except b for Cr), soil pH does control oxyanion retention (Sposito 1984, Hingston 1981). The oxyanions were
not retained (Cr and Mo) or had lower log K 4 Values (V. B, P, As) for the high-pH Calciorthid, Norwood, and
Webster soils. The strong negative correlation between soil pH and b for cation species and the strong positive
correlation between soil pH and & for Cr suggested that regression equations relating » and soil pH could be de-
veloped. This was done (see Figure 2-6). These relationships can be used to estimate b values for soils where
Co, Ni, Zn, Cd, or Cr retention data are not available, but the soil pH is known.

Retention parameters for Pb (both K, and b) were strongly correlated to exchangeable OH. amorphous
Fe203, and A1203 contents. Retention parameters for the oxyanions were also related to exchangeable OH,
amorphous FezO3. and AIZO3 contents. This is expected, since retention of oxyanions in soils is generally due

S [ R N
3 e
[0 In
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o I | | i | T PpH witht = 0.98.
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to biuding by metal oxides (Sposito 1984). Significant correlations of log K to amorphous Fe, O, content are
more likely than correlations to free Fe,O, content. Apparently the magnnude ofK is \omewhdl sensitive to
the amorphous iron oxide content of a soxl Thus, the amorphous iron oxide content of soils would appear to
be a better indicator of anion retention than ree iron oxide content. Sulfur was retained only by the Kula and
Molokai soils, which contain higher amounts of metal oxides and amorphous material than the other soils, and
Se (selenate form) was retained only by the Kula soil.

The results of these retention experiments lead to the following conclusions:

1) pH is the most important soil property that affect 7 gand b.

2) CEC influences K forcativa species,

3) The amounts of amorphous iron oxides, aluminum oxides, and amorphous material in soils

influences both cation and anion retention parameters,

4) Except for Cu and Hg, transiticn metal (Co and Ni) and group IIB cations (Zn and Cd) have

similar K, and b values for a given soil,

5) Significant relationships between soil properties and retention parameters exist even in a group

of soils with very different characteristics.

The relationships between soil properties and retention parameters (e.g.. Fig. 2-6) can be uscd to estimate
retention parameters when retention data for a particular element and soil type are lacking but soil property data
are available. For example, the retention characteristics of Co, Ni. Zn, and Cd are sufficiently similar so that
these elements cun be grouped together, and an estimated b value for any one of them could be estimated from
soil pH data using the regression equation for curve A in Figure 2-6. For many purposes such an estimate would
be useful, at least as a first approximation, in describing the retention characteristics of a soil.




Chapter 3. A Kinetic Multireaction Approach

Retention reactions that occur in the soil are important processes that govern the fate of chemical contam-
inants such as heavy metals and organics in groundwaters. Mathematical models that describe the potential
mobility of dissolved chemicals must, therefore, include the physical. chemical. and biological processes that
influence their behavior in the soil matrix. The ability to predict the mobility of heavy metals in soil and the po-
tential contamination of groundwater supplies has considerable health implications and is necessary for deter-
mining the degree of pollution, and for cleanup of former disposal sites.

In this study. two conceptual-type models (MRTM and MRM) were developed to describe the fate of heavy
metals in soils. Both models are based on multiple retention reactions of the reversible and irreversible type.
The retention mechanisms include nonlinear equilibrium as well as linear and nonlinear kinetic reactions. The
MRTM deals with the transport and retention of heavy metals in soil w.ih time and depth. The MRM describes
batchorkinetic type retention where a no-water-flow condition is considered. Batch-type experiments are often
carried out to quantify the mechanisms of the retention processes. The equations representing the two models
were solved using numerical approximation methods. ‘ensitivity analysis of model results of retention and
transport of heavy metals has been carried out for a wide range of reaction rate coefficients. Computer algo-
rithms for both models are given along with illustrative examples of model output results.

FORMULATION OF MODELS

Multireaction model (MRM)

The success of single-reaction kinetic as wetl as equilibrium-kinetic two-site models leads us to believe that
amore universai multireaction (multisite) model is plausible. Accordingly, we present the general-purpose mul-
tireaction model (MRM) illustrated in Figure 3-1. We assume that the solute in the soil environment is present
in the soil solution (¢} and in several phases representing heavy metal retained by the soil (8,885 8. and s, ),
where ¢ and s are expressed in mg L' and mg kg‘l, respectively. In addition, we propose that the retention—
release processes are governed by several concurrent as well as consecutive type reactions.

The sorbed phase s is considered as the amount of heavy metal that is sorbed reversibly and is in local equi-
librium with that in soil solution phase (¢) at all times (Figure 3-1). Therefore, we assume that the local
equilibrium assumption between ¢ and 5,18 valid (Rubin 1983). The governing equilibrium reaction mechanism
is that of the Freundlich equation (Helfferich 1962),

xt=K & 3-1

where K  is the associated distribution coefficient and b is

aFreundlich parameter. The value of parameter » based on !

batch studies was found to be consistently less than unity Kqg Ks Ks

for several elements (Buchter et al. 1989). K.,
The heavy metal present in the soil solution phase (¢) is k,

assumed to react kinetically (i.e.. it is time dependent) and

reversibly with s . very slowly and reversibly with 8, and S,

irreversibly with Sir The kinetic reaction between C and 5

canbereprescnedby (vanGenuchtenetal. 1974, Amacher  Figure 3-1. Schematic diagram of the multireac-

et al. 1288) tion retention model.




P (35,/0 =0k "—pkys,. (3-2)
where L and k., are the forward and reverse rate coefficients (hr™ ) p is the soil bulk density (g cm B yand ©
is the water comem (cm cm” ) Parameter n (dimensionless) is the reaction order, where for n # 1. the reaction
is nonlinear. Since it is assumed that ¢ and s, react rapidly and reversibly, L and k., are considered relatively
large in magnitude. If ¢ and s, reach equnllbnum almost instantaneously, the mno k /A is the equilibrium con-
stant for that reaction.

The Kinetic reaction between ¢ and s, may be represented by

P (05,/0=Oky " ~pk,s, (3-3)

where k; and &, (hr—l) are the forward and reverse rate coefficients, respectively, and m is the reaction order.
Eq3-3issimilartoeq 3-2, except that reaction 3-3 is considered to be more kinetic than reaction 3-2. As aresult
the magnitudes of rate coefficients &, and 4, are smaller than k, and A in eq 3-2. Moreover, the reaction was
considered to be nonlinear, where m ¢ 1 and m and n need not be the same.

The reaction between ¢ and s, may be represented by

p (asi n/ar) =0 ke (3-4)

where k_is the rate coefficient for the irreversible retention reaction. Thus. s, represents an irreversible sink
term.

An extension of the concurrent multireaction model includes a consecutive reaction (Figure 3-1). The con-
current—consecutive multireaction model includes an additional retention phase. 5. This phase represents the
amount of solute strongly retained by the soil that reacts slowly and reversibly with $,- Thus, inclusion of 5 in
the model allows the description of the frequently observed very slow release of solute from the soil (Selim
1981). The reaction between s, and s, was considered to be of the kinetic first-order type, i.e.

(853/31) = ,('5 5y = A’() 55 (3-5)

where k5 and k6 (hr"') are the reaction rate coefficients. If a consecutive reaction is included in the model. then
eq 3-3 must be modified to incorporate the reversible reaction between s, and s, Asa result, the following
equation

P (35,f0) =@ ky ™ —pkys,—pkys,+pkgsy (3-6)

must be used in place of eq 3-3.

The MRM is necessary for the description of kinetic and/or equilibrium retention behavior of sorption-
desorption isotherms for heavy metals in soils. Isotherms that represent the amount sorbed or retained by the
soil vs the amount in soil solution are often obtained using batch-type experiments for a range of initial (or ap-
plied) solute concentrations and for a given soil-to-solution ratio. For most isotherms, the time of contact often
ranges from a few hours (4 to 8) or commonly | day of reaction time. However, for heavy metals that interact
slowly, a set of isotherms with each representing one reaction time is often obtained. The MRM is capable of
describing such isotherms for a given initial concentration with time as desired. For additional details onkinetic
heavy metal isotherms, refer to Amacher et al. (1986, 1988).

Multireaction and transport model (MRTM)

This model represents an extension of the multireaction model (MRM) to include transport in addition to re-
tention behavior of heavy metals in the soil environment. To describe the mobility of heavy metals in the soil
profile, the classic convective—dispersive transport equation was used. Forone-dimensional, steady-state water
flow conditions, the transport equation for reactive solutes may be expressed as (Brenner 1962, Nielsen et al.
1986)

p 05/t + © ¢/t = OD F*¢/dx* — v dc/ox - Q (3-D
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where ¢ is solute concentration in solution (mg L ). © is the soil water content (cm3 cm_3), p is the soil bulk
density (mg cm'3), D is the hydrodynamic dispersion coefficient (cm2 hr ), vis Darcy’s water flux density (cm
hr! ). x s soil depth (cm), and ¢ is time (hr). In addition, s is the solute concentration associated with the solid
phase of the soil (mg kg_l soil), and @ is the rate of solute removal (or supply) from soil solution (mg em > hr! )
and is not included in s.

Inafashion similarto the multireaction model discussed by Amacheretal. (1988), we considerthe ds/dr term
to describe fully reversible processes between the solution and the solid phases. Specifically, we consider the
reversible retention to be of the multireaction (multisite) equilibrium-kinetic type where s is composed of four
phases:

SES,t S+, Sy (3-8)

Here we assume 5, as the amount of solute metal (mg kg™~ ! soil) that is sorbed reversibly and is in equilibrium
with that in soil solutxon phase (¢) at all times. The governing equilibrium retention-release mechanism is that
of the nonlinear Freundlich type as described previously in the MRM,

— b R
5, = K g 3-9)
where K d is the associated distribution coefficient (cm3 kg—l ). and b is a dimensionless Freundlich parameter
(b<1).
The retention—release reactions associated with 5255 and s5 are concurrent- or consecutive-type kinetic re-
actions (Figure 3-1). Specifically, the s, and s, phases were considered to be in direct contact with ¢, and re-

versible processes of the (nonlinear) kinetic type govern their reactions (Amacheretal. 1988, Selimetal. 1989):

ds /ot =k (©/p) " - kys, (3-10)
aszlar=k3 (©/p) c""—k4 sz—k5 syt ke 5 3-11
3s /8t=k Sy —k 5 (3-12)

where k and £, are the forward and backward rate coefficients (hr~ ) respectively, and n is the reaction order
assocnated with s . Similarly, k L and m are the reaction parameters associated with S5 and k_ 5 and L are the
reaction parameters associated thh 53 . These sorbed phases may be regarded as the amounts sorbed on surfaces
of soil particles and chemically bound to aluminum and iron oxide surfaces or other types of surfaces, although
itis not necessary to have a priori knowledge of the exact retention mechanisms for these reactions to be applic-
able. Moreover. these phases may be characterized by their kinetic sorption and release behavior to the soil solu-
tion and thus are susceptible to leaching in the soil. In addition, the primary difference between these two phases
lies not only in the difference in their kinetic behavior but also in the degree of nonlinearity as indicated by
parameters n and m.

The sink-source term Q of eq 3-7 is commonly used to account for irreversible reactions such as precipi-
tation—dissolution, mineralization, and immobilization. We expressed the sink term as a first-order kinetic
process:

Q=pISJr=0k C (3-13)

where kS is the associated rate coefficient (hr'l )- This sink term was expressed in terms of a first-order
irreversible reaction for reductive sorption or precipitation or internal diffusion as described by Amacheret al.
(1986, 1988). Eq 3-13 is similar to that for a diffusion-controlled precipitation reaction if one assumes that the
equilibrium concentration for precipitation is negligible (Stumm and Morgan 1971).

The retention—release reactions of eq 3-10 through 3-13 include equilibrium and kinetic processes. The
multireaction model developed by Amacher et al. (1988), on which this transport and retention process is based.
is a fully kinetic one where local equilibrium with the solution phase was not implicitly considered. As will be
discussed in subsequent sections, we found it essential in this study to incorporate a Freundlich-type equilibrium
reaction (eq 3-9) into the transport model tu predict the transport behavior using several miscibie displacement
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data sets. This will be described in a subsequent section. In the two-site model proposed by Selim et al. (1976)
and Cameron and Klute (1977). a linear or nonlinear kinetic reaction and an equilibrium reaction were incor-
porated with the convection—dispersion transport equation 3-7.

Initial and boundary conditions

The retention reactions associated with the MRM seek to provide a solution for solute concentration in soil
solution and sorbed phases as a function of time. To solve the MRM. the appropriate initial conditions must be
specified (Selimetal. 1976, Selim 1978). The initial conditions were that of a given initial solute concentration
in solution and assumed no solute retention at time zero, as is the case for batch kinetic experiments. Specif-
ically, the necessary conditions are as follows:

c=C. 1=0, (3-14)

c=C . r>0. (3_15)
O

5, =8, =5,=5,=0, t=0. (3-16)

where C, and C, are the initial and applied (input) solute concentrations, res'pectively The modei can
mcomomle othel (.OHdIIIOn\ if the concentration for each sorbed solute species (3,54 55 and 5.) is different
from zero at the initial time for simulation (¢ = 0). These values must be \pecmed by the user. however

Tosolve the transport and retention~release equations associated with the MRTM. the appropriate initial and
boundary conditions must be specified. Here we restrict our analysis to steady-state water flow conditions in
ahomogeneous soil with uniform moisture distribution. Therefore. water flux v and soil moisture content Q are
considered time-invariant. It is also assumed that a solute solution of known concentration (C o) was applied at
the soil surface for a given duration 1 _ and was thereafter followed by a solute-free solution. The conditions
associated with such a pulse are frequently expressed as (Selim and Mansell 1976. van Genuchten and Parker
1984)

c=C. 1=0.0<x<L (3-17)
sc=s(=.\‘z=.\'3=0. r=0.0<x<L (3-18)

C,=-©Ddc/ox +vc. .\'=().f<tp (3-19)
0=-0D dcfdx+1vc. x=0.r> 0 (3-20)
dc/dx =0 x=L.1>0. (3-21)

Equations 3-17 and 3-18 represent initial conditions for a soil profile of length L (cm) with uniform initial
concentration C, in the solution and devoid of sorbed phases along the soil profile at time zero. However. this
model is not restricted to uniform conditions: rather, nonuniform initial distributions of ¢. . R »-and .y can
be incorporated; they must be supplied by the user. Equations 3-19 and 3-20 represent a third type ot boundary
condition of solute convection and dispersion at the soil surface. where Cn is the applied solute concentration.
These conditions simulate a solute pulse-type input for a duration ¢_ (hr) that is preceded and followed by a
solute-free solution. Equation 3-22 represents a flux- or Newman-type boundary condition at the bottom (x =
L) of the soil profile at all times 1. For a discussion of boundary conditions that describe solute transport
problems. see Selim and Mansell (1976).

The convection—dispersion solute transport eq 3-7 subject to the initial and boundary conditions described
above was solved using finite-difference explicit-implicit methods (Remsonetal. 1971, Pinderand Gray 1977).
Finite-difference solutions provide distributions of solution and sorbed phase concentrations at incremental dis-
tances Av and time steps Ar as desired. In a finite difference form a variable such as ¢ is expressed as

e =c(i Av.j A (3-2)
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where i=1.2.3,...N and j=1.2.3...
X o=iAy, and 1 =j Ar. (3-23)
For simplicity. the concentration ¢(v.r) may be abbreviated as
clxag) = Ci.j (3-24)

where subscript i denotes incremental distance in the soil and j denotes the time step. We assume that the con-
centration distribution at all incremental distances (Av) is known for time j. We now seek to obtain a humerical
approximation of the concentration distribution at time j+/. The convection—dispersion eq 3-7 must be ex-
pressed in a finite difference form. For the dispersion and convection terms. the finite difference forms used are

@ DI c/ox =@ D (C. 2C..  +C )/ 2(Av)?

TAITS BT | i~1.j+1
+OD(C,,,;=2C, +C )/ M) + 0(AY? (3-25)
and
VAN =y (€ o =G IASH OAY) (3-26)

where O(Av) and O(A\')2 are the error terms associated with the above finite-difference approximations, respec-
tively. In the above derivations, the second-order derivative (the dispcrsion term) is expressed in an explicit—
implicit form commonly known as the Crank-Nickolson or central »¢proximation method (Carnahan et al.
1969). This is obtained using Taylor series expansion and is divided equally for time j (known) and time j+/
(unknown). Such an approximation has a truncation error, as obtained from the Taylor series expansion. in the
order of (A\')Z. which is expressed here as O(Ax)>. Moreover. in the above approximations, the convectionterm
was expressed in a fully implicit form, which resulted in a truncation error of O(Ax). In our numerical solution,
for small values of Ax and Ar, these truncation errors were assumed to be sufficiently small and were therefore
ignored (Henrici 1962).
The time-dependent term of eq 3-7 was expressed as

R d¢/or = Ri.j (Ci.j+| - Ci‘j) /At + O(Ar) (3-27)
where the retardation term R was solved explicitly as
R=1+(bpK /@) (3-28)

This was incorporated in a finite difference form using an iteration method due to the nonlinearity of the
equilibrium (and kinetic) retention reactions. Specifically, the retardation term was expressed as

R=(R ) =1+bpKO)(r"") (3-29)

where Y represents the average concentration over time step j (known) and that at time step j+/ for which
solution is being sought, such that

Y, =(C, )+ C 2 (3-30)

where r refers to the iteration steps.

For the kinetic retention equations, the time derivative fors s, and s ; were expressedin their finite-differ-
ence forms in a similar manner to the above equations. Therefore, omitting the error terms and incorporating
the iteration scheme we have




incorporatng the iteranon scheme we have

pds fdr =k, " -k, ps,

— I @ ~ -~ n 3 X 3
—AIOH((l.i+l)r‘+(i.11/2l —/\lp[(\l)ulr (3-31)
p 2)3-:/0/ = kﬁ ® H(CLM )r + C'i_iI/Z]"' - /\J p [(‘\'Z)i.Jlr (2-32)
E).s-\,‘/ar = l\'i [(.\':)l_ill, +k p ““'s)i._,lr‘ (3-23)

Moreover, the irreversible term Q was expressed in an implicit—explicit fashion as

0=k Q (Cn.j+l + CH)/I. (3-34)
Foreach uime step (j+ /), atterrearrangementand incorporation of the initial and boundary conditions in their
finite difference form. the tinite difference of the solute transport equation can be represented by a set of N
equations having NV unknown concentrations. The form of the N equations is
@, (‘M.JYI + I)I.J ('i.yl SR Cirl._i+| =< (3-35)
where N is the number of incremental distances in the soil (V = L/Av). The coetficients «. b. u. and ¢ are the
associated set of equation parameters. The above N equations were solved simultaneously for each time step
using the Gaussian elimination method (Carnahan et al. 1969) to obtamn concentration € at all nodal points (1)
along the ~oil profile. Specifically. subroutine TRIDM of the MRTM provides a solution for a set of linear
equations using the Thomas algorithm for tridiagonal matrix-vector equations (Pinder and Gray 1977). The
newly caleulated C values were used as input parameters in the solution for the retention eq 3-31 through 3-34.
The solution of these equations provides the amount of sorbed phases due to the irreversible and reversible
reactions at the same time (j+/) and incremental distances along the soil profile.

The numerical approximation schemic given above for the MRTM was also used in solving the solute
retention equations associated with the MRM. The major exception here was in the way the sorbed phase
concentration (s ) was calculated. The approach used is based on the assumption that, for any given time step
J-the amountinsoil solution - and in the sorbed phase s, are inlocal equilibrium (Rubin 198 3) and theiramounts
are related by the K, value according to the nonlinear Freundlicheq 3-1. Theretore, forany given time step. the
total amount in the solution and sorbed phasex is

H=06¢+ ps, (3-36)
or
H=0c+pk (3-37)

As aresult. inthe calculation procedure. from ¢ and s, theamount H was calculated for ime siep /. To estimate
these variables at time step j+/ following the calculations of all other variables ti.e.. ., elc). we calculate
a new value for A and partition such a value between ¢ and S, (based on the Freundlich-equ;nion) using the
following implicit equation:

c=H@+pK, ", (3-38)

which s derived directly from eg 3-37 and is based on the newly calculated for the sum of concentration and
equilibrium sorbed phases. /1. Equation 3-38 is an implicit equation for ¢ and where iteration was necessary.
Specitically. a solution for concentration € or specifically C, i at each time step was obtained as foliows:

C=HO+pK IC"M ) (3-39)
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For the MRTM and MRM. the above equations must be solved in a sequential manner for each time step,
until the desired time for simulation is attained. It should be emphasized that the number of iterations for the
above calculations must be provided by the user. No criteria are given here for optimum number of iterations,
rather a mass balance was performed (input vs output) as a check on the accuracy of the numerical solution. The
user is free to adjust the number of iterations based on mass balance calculations or other criteria as desired. It
is recommended that the number of iterations r be specified in the program such that 3-5% mass balance error
is not exceeded.
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L™ andD=1.0cm’>hr'. Here we '

assumed a solute pulse was applied to a fully water-saturated soil column initially devoid of solute. In addition,
a steady water-flow velocity (v) was maintained constant with a Peclet number P (= vL/OD) of 25. The length
of the pulse was assumed to be 3 pore volumes. which was then followed by several pore volumes of a solute-
free solution.

The influence of the distribution coefficient K .. whichis associated with s, of the equilibrium-type reaction,
on the transport of dissolved chemicals such as heavy metals is shown in Figure 3-2. Here the nonlinear para-
meter » was chosen as 0.5 and all reaction coefficients (kl. R ko‘ and ks) were set equal to zero. As a result,
the shape of the breakthrough curves (BTCs) of Figure 3-2 reflects the influence of a nonlinear Freundlich-type
sorption of the equilibrium type. A BTC is a representation of solute concentration in the effluent solution ex-
pressed in terms of relative concentration (C/C 0) vs pore volume (V/Vo) of effluent, where C o is the maximum
or input concentration (C_ = C ) and V' is the pore volume (V,=0OL).

For the nonreactive case (I(’d =0), which indicates no solute retardation. simulation results in Figure 3-2 in-
dicate that the sorption (or effluent) side and the desorption side of the BTC are symmetrical. Here the solute
concentration (C/C ) slightly exceeds 0.5 for V/V0 of 1. As K  increased, the solute became more retarded. as
is clearly illustrated by the location of the sorption side of the BTCs. For example. for the case where K,=2.
approximately three pore volumes were required before detection of solute in the effluent solution. In the mean-
time, a reduction of concentration maxima and the presence of tailing of the desorption side was observed for
large Kd values. This is due not only to the large Kd values used but also to the nonlinearity of the equilibrium
mechanism (5 # 1) chosen here. In fact. the influence of a wide range of b values on the shape of the BTC is
shown in Figures 3-3 and 3-4. For all the BTCs shown in Figures 3-3 and 3-4. a K, of unity was used. with ail
otherrate coefficients setequal to zero. For values of h< 1, the shape of the BTCs indicates a sharp rise inconcen-
tration or a steep sorption side with an increase of the tailing of the desorption side for decreasing values of b.
In contrast, for b > | the sorption side indicates a slow increase of concentration, which is associated with a fack
of tailing of the desorption side of the BTCs.
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The significance of rate coefficients kl andk, of the MRTM on solute retention and transport may be illus-
trated by the BTC:s of Figures 3-5 and 3-6, where a range of rate coefficients differing by three orders of mag-
nitude were chosen. For these simulations, values for 1\33 tok 6 and l\s were maintained equal to zero and the equi-
librium reaction was assumed linear where K,=lcm g~ 3 and b was set equal to unity. For the BTCs shown
in Figure 3-5, the forward rate coefficient was constant (k, = =0.10hr™") but k., varied from 1 10 0.001 hr' A
decrease in concentration maxima and a shift of the BTCs resulted as the value for k, decreased. Such a shift
of the BTCs signifies an increase in solute retention due to the influence of the kmeuc mechanism associated
with 8- As the rate of backward reaction (kz) decreases or kl/k2 increases, the amount of 5 retained increases
and solute mobility in the soil becomes more retarded. The BTCs of Figure 3-6 illustrate the significance of the
magnitude of the Kinetic rate reactions k| and 4. while the ratio kl [k, remains constant. It is obvious that as the
magnitude of the rate coefficients increased, the amount of solute retained increased, and increased solute re-
tardation became evident. Moreover, for extremely small kl and k2 values (e.g.,0.001 hr! ).the BTC resembles
that for anonreactive solute due tolimited contact time for solute retention by the soil matrix under the prevailing
water-flow velocity conditions. On the otherhand, large rate coefficients are indications of fast orinstantaneous
retentionreactions. Specifically, rapid reactions indicate that the retention process is less kinetic and approaches
equilibrium conditions in a relatively short contact time.

Figure 3-7 shows BTCs for several values of nonlinear parameter n, which is associated with the Kinetic re-
tention reaction for s, . The BTCs of the previous figures and the simulations illustrated here have similar fea-
tures. An increase in the value of n resulted in a decrease in peak solute concentration, which was accompanied
by excessive tailing of the BTCs. No apparent shift of the BTCs shown was observed as n increased from 0.5
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to 1.5. Similarities between the influence of n and nonlinear parameter b associated with the equilibrium
reactions are apparent when the BTCs shown in Figure 3-7 are compared with those of Figures 3-3 and 3-4.

Inthe BTCs in Figures 3-2 through 3-7, the irreversible retention mechanism for solute removal via the sink
term was ignored (i.e.. Q = 0). The influence of irreversible kinetic reaction is straightforward, as shown in Fig-
ures 3-8 and 3-9. This is manifested by the lowering of the solute concentration for the overali BTC for increas-
ing values of k . Since a first-order irreversible reaction was assumed for the sink term, the amount of irrevers-
ibly retained solute (and thus the lowering of the BTC) is proportional to the solution concentration. The pri-
mary difference between the BTCs in Figures 3-8 and 3-9 is due to the value of nonlinear parameter n associated
with the equilibrium retention mechanism. For the BTCs shown in Figure 3-8, 5 = 0.5, whereas a value of b=
1 was used for the BTCs shown in Figure 3-9. All other parameters remained constant: k, =0.001, ky= =0.01
hrl K, =1cm’ g™ andk, =k, =k =k =0.

The presence of a consecunve type reacnon between s, and 55 in the MRTM is manifested by the BTCs
shown in Figures 3-10 and 3-1 1. In Figure 3-10, the influence of the magnitude of the rate of reactions kg and
A or specifically the ratio (k /k ) is illustrated. As k /L increases, little influence on the retardation of the BTCs
was observed. However, a decrease in peak concenlratnon and an overall lowering of solute concentration of
the desorption side is apparent. The incorporation of the 5 phase in the model has the distinct advantage that
one can assume that such a consecutive-type reaction may be regarded as a slow mechanism with a slow rate
of reaction. Furthermore, if the backward rate is exceedingly small (k o 0). the consecutive reaction becomes
anirreversible mechanism. As aresult, in this model the presence of an irreversible reaction may not be limited
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of reaction. Furthermore. if the backward rate is exceedingly small (ke = 0). the consecutive reaction becomes
anirreversible mechanism. As a result, in this model the presence of an irreversible reaction may not be limited
to that of the sink term of eq 3-1 with a direct reaction with the soil solution. Simulations that illustrate the
influence of irreversible retention for the consecutive reaction are shown in Figure 3-11.

MRM COMPUTER PROGRAM

The computer program for the MRM is written in the Fortran language. It consists of a source (or main)
program only. The source program outlines the READ statements for the input parameters. the WRITE
statements for the output data, and carries out all program calculations step by step in a sequential manner. The
input and output variables used in the MRM are given in Tables 3-1 and 3-2, respectively. Since the MRM is
aninitial-value problem, nodependence on spatial dimension is present. As aresult, there are nodeclared arrays
of a givensize inthe computer code. Specifically. the DIMENSION statements that declare the size of variables
in a given problem are not needed. This is an advantage in terms of the overall amount of memory that the
program requires as well as in minimizing the need to modify the computer code. The user must familiarize
himself with the computer code before making any modifications to it, and a Fortran compiler is required.
Unless the user wishes to incorporate additional reactions or program his configuration, the computer code
should not be changed.

A Fortran listing of the MRM computer code for use with personal computers is given in Appendix A. This
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Table 3-1. List of input parameters required for MRM.

Card  Column Variable
number  number Format nume Definition
| 1-80 20A4 USER User’s name or any other information (optional)
1l 1-80 20A4 SOIL Soil name or any other information (optional)
m 1-80 20A4 SOLUTE  Solute species or other information (optional)
Vi 1-80 20A4 DATE Date, experiment number or other information (optional)
1 5170 E206 TH Soil moisture content (8), cm>em ™
2 51-70 E20.6 ROU Soil bulk density (p), g cm™
3 51-70 E20.6 (&) Concentration of applied solute solution (C, ). mg L
4 51-70 E20.6 KD Distribution coefficient (K Al cm? g!
5 51-70 E20.6 NEQ Freundlich reaction order (h), dimensionless
6 51-70  E20.6 Ki Rate coefficient (&,), hr™!
7 51-70 E20.6 K2 Rate coefficient (k,), hr™!
8 51-70 E20.6 w Order of reaction (1), dimensionless
9 51-710  E20.6 K3 Rate coefficient (k,), hr™!
10 51-70 E20.6 K4 Rate coefficient (k). hr™!
11 51-70 E20.6 U Order of reaction ()
12 51-70 E20.6 KS Irreversible rate coefficient (£ ), hr!
13 51-70  E20.6 K5 Rate coefficient (k,),hr!
14 51-70 E206 K6 Rate coefficient (&), hr™'
15 51-53 3 IT Number of iterations (r)
16 51-70 E20.6 TTOTAL  Total simulation time, hr
17 51-70 E20.6 TPRINT Time interval for printout, hr
I8 51-70 E20.6 DT Initial guess for the time step (Ar), hr

Table 3- 2. List of output variables

used in MRM.

Variable Definition Units
TIME Simulation time (£) hr

C Solute concentration (¢) mg L

TOTAL  Total amount of solute
retained per unit weight (s) mgkg

S1 Amountof 5, mgkg™!
S2 Amount of s, mg kg™
S3 Amount of 5, mgkg™!
SIR Amountof s, mgkg™!
SEQ Amount of 5, mgkg™
BAL Mass balance of solute %

sample input data file for use with the PC version is included in the appendix. We have provided a listing of the
PC version of MRM rather than the mainframe version since they are essentially the same except for the
input—output section. The PC version of MRM was compiled using a Fortran compiler for personal computers,
and an executable file is also included.

To use this version of MRM, the user need only type MRMPC to run the program. You will then be prompted
tor the name and destination of an output file where all model calculations will ve stored. If you choose to
provide the input data interactively, you will also be prompted to enter the appropriate input parameters in the
order given in the data file. For convenience, a range of values for soil parameters and reaction rate coefficients
is also provided for each input to assist users unfamiliar with the MRM program and to provide a range of
parameter values for sensitivity analysis for problems of interest. The ranges given here represent average
values of soil properties and the rate coefficients; they were taken from Amacher et al. (1988).

If you make a mistake in entering an an input value, we recommend that you terminate the program and run
the mode! again by typing MRMPC.
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A sample of output calculations using the MRM model for the selected input parameters is given at the end
of Appendix A. These results were obtained using MRMPC.

MRTM COMPUTER PROGRAM

The computer program for the MRTM is written in Fortran; it consists of a source (or a main) program and
three subroutines: SMRTM., TRIDM, and INTEG. The source program outlines the DIMENSION and
COMMON statements, the READ statements for the input parameters, the WRITE statements for the output
data. and carries out the overall step-by-step sequence of program calculations. Inaddition. it calculates the time
steps and incremental distances that satisfy the stability and convergence criteria (Pinder and Gray 1977) for
the numerical solution for each given problem.

Subroutine SMRTM performs all computations of the finite-difference approximations for the convection—
dispersion equation and the retention equations. It alsocalculates the coefficients needed for the set of equations
ateachiteration and foreach time step. Subroutine TRIDM provides a solution fora set of linear equations using
the Thomas algorithm (Pinder and Gray 1977) for tridiagonal matrix-vector equations as obtained inthe numer-
ical solutions outlined above. TRIDM is called by subroutine SMRTM. INTEG is an integration subroutine for
equally spaced variables; it is called by the source program to calculate the mass balance (input vs output) at
specified times as desired.

The input and output variables used in the MRTM are given in Tables 3-3 and 3-4, respectively. For con-
venience, variables that are common to both the multireaction model (MRM) and the MRTM were given the
same names in both computer codes.

Two versions of the MRTM are available: one is for use with mainframes and the other with personal com-
puters. The input data section of the program is at the end of the code for the mainframe version. where the appro-
priate values for the input parameters must be provided by the user.

Table 3-3. List of input parameters required for MRTM.

Card Column Vuriable
mumber _pumber  Format — name Definition

I 1-80 20A4 USER User’s name or any other information (optional )

] 1-80 20A4 SOIL Soil name or any other infor,nation (optional)
HI 1-80 20A4 SOLUTE Solute species or other information (optional )
\! 1-80 20A4 DATE Date, experiment number, or any other information (optional)
| 51-70 E206 TH Soil moisture content (8), cm’ em™

2 51-70  E206 ROU Soil bulk density (p). g cm™

3 51-70 E20.6 COL Thickness of the soil profile (L), cm

4 51-70 E20.6 WFLX Water flux (v).cm hr ™!

5 51-70 E206 Ci Initial solute concentration in soil solution (Ci). mg L!
6 51-70 E20.6 CS Applicd solute concentration in soil solution (C ). mg L’ !
7 51-70 E206 D Dispersion cocfficicnt (D), cm® hr™!

8 51-710 E206 KD Distribution coefficient (K ). cm® g

9 51-70 E20.6 NEQ Freundlich reaction order (h), dimensionless.

10 51-70 E20.6 Ki Rate coefficicnt (&), br !

11 51-70 E206 K2 Rate coefticient (k). hr !

12 5170 E206 W Order of reaction, (1), dimensionless

13 51-710 E206 K3 Rate coefticient (k,).hr™!

14 51-70 E20.6 K4 Rate cocfticient (k:‘). hr!

15 51-70 E206 U Order of reaction (m)

16 51-70 E20.6 KS Irreversible rate coefficient (£ ). hr!

17 51-710 E206 KS Rate coefficient (k). he!

18 5170 E206 K6 Rate cocfficient (k). hr!

19 51-53 13 IT Number of itcrations (r)

20 51-70 E20.6 TPULSE Duration of pulsc (Ip), hr

2] 51-70 E20.6 TTOTAL  Total simulation, hr

22 51-70 E20.6 TPRINT Time interval for printout, hr

23 51-70 E20.6 DX Initial guess for the depth increment (Av), cm
24 S51-70 E20.6 DT Initial guess for the time step (A1), hr
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Table 3-4. List of output variables used in MRTM.,

Vartable Detinition Units
TIME Simulation time y

V/VO Pore volumes of elfuent (4 /4 ) dimensionless
C/Co Relative concentration i effluentsolution (C/C ) dimensionfess
X Soil depth (1) cm

C Solute concentration () mg L
TOTAL Total amount of solute retained per unit volume (x) mgem
Si Amount nl',\'l mg kg !
S2 Amountof's, mg hy '
S3 Amount ul'.\'; mg kg '
SIR Amount ul‘.\m mgkg '
SEQ Amountof's mgky !
SINP Total amount of applicd solute tnput pulse) per unit arca mgcm :
TSWATR  Totd amount of solute in soil solution in soil profile mgcm :
TSEQ Total amount sorbed inequilibrium phase {5, insoll profile mgcm :
TSKINI Total amount sorbed in hinctic phase (5,1 in soil profile mgem -
TSKIN2 Total amount sorbed in Kinetic phase (s,) mgcm -
TSKIN3 Total amount sorbed in kinetic phase L\';) mgcm :
TSIR Total amount sorbed in irreversible phase ) mg om -
TEFFL Total amount in effluent mgem -
BAL Mass baluance of solute G

A program listing of the computer code of the PC version of MRTM is given in Appendix B. The PC version
is interactive and allows the user to choose to enter the required input data in one of two ways: interactively
through the Keyboard. or by providing the name of an existing file that contains the input data. An example of
aninputdata tile (MRTMPC.DAT) for use with the PC version is included inthe appendix. The input parameters
listed in MRTMPC.DAT were used for the sensitivity analysis presented in Figure 3-5. Anexample of MRTM
output calculations obtained using MRMPC and the input parameters in MRTMPC.DAT is included at the end
of Appendix B.

To use the compiled MRTM ftile, the user need only to type MRTMPC 1o run the program. You will then
be prompted for the name and destination of an output file where all model calculations will be stored. If you
choose to provide the input data interactively. you will also be prompted to enter the appropriate input
parameters inthe order given inthe data file. For convenience, ranges of values for soil parameters and reaction-
rate coefficients is provided. The range of values given represents averages of soil properties and the rate
coefficients: they are presented in subsequent chapters.

If you make a mistake in entering an input value, we recommend that you terminate the program and run the
model again by typing MRTMPC.

Changes should not be made to the MRTM computer code unless it is absolutely necessary. The most
commonly encountered modifications are to the DIMENSION statements. As written. the program code
prescribes an array size of 500 for all declared variables (c. 5. ¥y.ete.) This represents the number of nodal points
along the soil profile N where N = Av/L. The size of incremental step Av also depends on the value of flux v and
dispersion coefticient D. which must satisty the stability and convergence criteria (Pinder and Gray 1977) for
the numerical solution of the finite-ditference form of the convection—dispersion transport equation. Adjust-
ments of the array size may be necessary for large values of v or L. Further modifications of the computer code
are only necessary if additional reactions or other changes in the mode! configuration must be incorporated.
Otherwise. the rest of the code should not be changed.
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Chapter 4. Describing CR(VI) and CD Retention in Soils
Using the Multireaction Model

The transport of reactive solutes through the soil profile into groundwater is a major environmental concern.
Models that can predict the transport of reactive solutes through soil profiles are needed. Such models must in-
clude the reactions of the solutes in the soil, especially retention-release reactions with soil surfaces.

Over the last 30 years or so, many researchers have tried to quantify the processes governing the interactions
of various solutes (e.g., pesticides, nutrients. heavy metals, other toxic substances) with soils (Dowdy et al.
1982; Neisonetal. 1983 Sposito 1981, 1984). A summary of various solute reaction and transport models was
presented by van Genuchten and Cleary (1979) and Travis and Etnier (1981). However, nocomprehensive anal-
ysis of the recently proposed models has been carried out, and several models have yet to be validated. A general-
purpose model that could be used to describe the reactions of a wide variety of soil solutes would be a valuable
predictive tool. In this chapter, we present an evaluation of the multireaction model (MRM) described in Chap-
ter 3. Model validation was achieved by evaluating its capability to describe data from batch kinetic studies of
Cr(V1) and Cd retention by several soils at several initial concentrations.

THE MODEL

A comprehensive description of the 1..ultireaction approach for heavy-metal retention in soils was given in
Chapter 3. For additional details see also Amacher et al. (1988). Briefly, we assumed that the solute in the soil
environment is present in the soil solution (¢) and in several phases representing heavy metal retained by the
s0il (\ 5\ ,-and Sier ), where ¢ and s are expressed in mg L' and mg kg , respectively. The sorbed phase
5, 18 consldered as the amount of heavy metal that is sorbed reversibly and is in local equilibrium with that in
soxl solution phase (¢) at all times where the Freundlich equation

_ b _
s, = K a ¢ 4-1)
was the governing mechanism. Here, K d is the associated distribution coefficient and b is a Freundlich param-
eter. In addition. the sorbed phases s, and s, were considered in direct contact with ¢ and reversible processes
of the nonlinear kinetic type govern their reactions such that

p(9s,/dn=0 k| d'-p kys, (4-2)
p (95,/01) =®k3c"' -pk,s, (4-3)

where A to A are the rate coefficients (hr™ ) p is the soil bulk density (gcm™ ) and ©is the water content (cm
cm ) The s and S, phases may be regarded as the amounts adsorbed on surfaces of soil particles as well as
that which is chemlcally bound to aluminum and iron oxide surfaces or other type surfaces. Moreover, these
phases may be characterized by theirkinetic sorption as well as release behavior to the soil solution and are thus
susceptible to leaching in the soil. The primary difference between these two phases lies not only in the dif-
ference in their kinetic behavior but also in the degree of nonlinearity as indicated by parameters nn and m. Irre-
versibl~ r2tention was cornsidered in the model by a sink term expressed as

p(ds, JoN=Ok c, (4-4)




which is a first-order irreversible kinetic process: &_ is the associated rate coefficient (hr Y. Amacher et al.
(1986) showed that this sink term was necessary to descrlbe batch results for Hg, Cd. and Cr retention vs time
for five different soils.

In the MRM model. the concurrent reaction that governs the process between the s, and s, phases was con-
sidered as a kinetic reaction. In fact, the s phase, which is not in direct contact with that i in soil solutlon is consid-
ered here as that which is nonlabile, hrmly held. or fixed by the soil matrix. This phase may be characterized
by its slow (retention and release) reactions. Therefore, it is considered here that the s 3 phase is a slow kinetic
one and is less susceptible to transport in the soil profile. Moreover, a simple first-order reaction may be used
to describe the slow Kinetic retention of the consecutive-type reaction in the following form

as3/ar = k5 85— k6 83 (4-5)
where L and & (hr ) are the reaction rate coefficients. If a consecutive reaction is included in the model. then
eq4-3 must be modified to incorporate the reversible reaction between s, and 5,. Asa result, the following
equation,

P (05,/0N =@ ky ™ —pk 5, —pkys,+pkgss (+-6)

must be used in place of eq 4-3

Initial conditions used were that of applied (input) heavy metal concentrations at time zero, which closely
resemble the conditions for kinetic batch experiments described below. In addition, the above init:al value
problem was solved using numerical approximations. Details of the solution are given in Chapter 3. and alisting
of the computer code for the MRM is in Appendix A.

In subsequent sections we illustrate the relative significance of incorporating the various sorbed phases (s 5|

,-ands;)onthe predictive capability of the MRM. Moreover, in the validation of the MRM model using Cr(VI)
and Cdretention data, the equilibrium sorbed phase s was ignored (i.e.. K | was setto zero as an input parameter).
As aresult, our assumption here was that fully kinetic reactions govern all retention mechanisms in the MRM.

EXPERIMENTAL METHODS AND ANALYSIS

Soils

The soils used in this study are listed in Table 4-1 along with their taxonomic classification and selected
chemical properties. All 10 soils were used in the Cr retention—release experiments, but only the first five were
used in the Cd experiments. The soils were air-dried and passed through a 2-mm sieve before use. They were

Table 4-1. Taxonomic classification and selected chemical properties of the soils used
in the metal retention-release study.

Organic
matter  CEC Fe,0,
Soil Taxonomic classification p (%) (emol+ke') (%)
Cecil Clayey. kaolinitic, thermic. Typic Hapludults 5.1 0.24 372 10.20
Norwood  Fine-silty, mixed (calcareous), thermic. Typic Udifluvent 74 0.32 6.20 0.44
Olivier Fine-silty, mixed, thermic. Aquic Fragiudalf 6.4 0.99 8.31 1.14
Sharkey Very-fine, montmorillonitic, nonacid, thermic. 54 196 313 0.94

Vertic Haplaquepts

Windsor  Mixed, mesic. Typic Udipsamments 54 0.94 1.20 2.20
Unnamed  Calciorthid 8.1 0.46 2315 0.83
Kula Medial, isothermic. Typic Euthandepts 54 >5.00 14.15 8.88
Lafitte Euic, thermic. Typic Medisaprist 41 >5.00 25.50 208
Molokai Clayey. kaolinitic, isohyperthermic. Typic Torrox 57 1.78 11.58 13.05
Webster Fine-loamy, mixed. mesic. Typic Haplaquoll 74 4.34 23.58 0.76

3




analyzed for pH by the 111 soil-water paste method (McLean 1982) for organic matter by the acid-dichromate
oxidation method (Nelsonand Sommers 1982). for free iron oxides by the dithionite-citrate-bicarbonate method
(Mehraand Jackson 1960), and tor cation exchange capacity of the acid soils by the method of Gillman (1979)
and of the alkaline soils by the sum of cations method (Thomas 1982).

Reagents

Reagent-giade potassium dichromate. cadmium nitrate tetrahydrate. and calcium nitrate tetrahydrate \\uc
used. Radionuclides obtained from New England Nuclear in the form of sodium chromate in I N NaCl for” 'Cr
(1.57% 10" By ke™") and cadmium chioride in 0.5 MHCI for' F*™Cd (9.25x 10'2 Bq ke ™) were used as tracers
to monitor the extent of Cr and Cd reactivity with the soils.

Procedure

The retention-release of Cr(VI) and Cd were studied in separate experiments using the batch method out-
lined by Amacher et al. (1986). Initial concentrations of Cr( V1) in the solutions reacted with the soils were 1.
2.5.10.25.50.75.100. 150. and 200 mg L™ Initial concentrations of Cd were 0.016.0.026.0.066.0.116.0.516.
1.02.5.02,10.0.50.0. and 100.0 mg L The background solution composition for the Crand Cd solutions was
0.005M Ca(NO,),. The mdionudides were added to the solutions to follow the extent of the xetuuion—releuse
reactions. The LOI](.CI'IIM[IOH\ of *'Crand ' ¥"Cd used were 7.4 x 10° By L~ and 1.5x 107 By L™ .respectively.

The retention experiments were carried out as follows. Duplicate 14.0-g samples of each soil were added to
preweighed S0-mL polypropylene centrifuge tubes. Forty mL of each Cr or Cd solution was added to the dup-
licate samples of euch soil and the samples were vortex-mixed. The centrifuge tubes were placed endwise in
o box onashakersettoshake at 1200se min™". The C rsamples were shaken IS minevery 2 hrand the Cd samples
were shaken 15 min every 6 hr. After 2.5, 8, 24, 48, 72, 96, 144, 192, 240, and 288 hr the samples were
centrituged for S min at 2500 rpm. aliquots of the supernatants were withdrawn for radionuclide counting. the
pH of the supernatants was measured. .md the samples were reweighed. vortex-mixed. and returned to the
shaker. The aliquots removed for counun0 'Cr and'"?™Cd were 20.0 and 25.0 mL., respectively. Gamma spec-
trometry was used to count the 320keV ‘cr peak while H3MEQ was determined by liquid scintiliation spectro-
metry.

Release of retained Cr or Cd trom the soil was initiated by diluting the solutions in contact with the soils.
The release experiments were carried out as follows. After 336 hr of reaction between the soil samples and Cr
and Cd solutions. the samples were centrifuged for 5 min at 2500 rpm. 20.0 mL of each supernatant was with-
drawnof which 1.0mL was used to count the radionuctides. the pH of the remaining supernatants was measured.
and 20.0 mL of Cr- or Cd-free 0.005 M Ca(NO, ), were added to each sample. The samples were reweighed,
vortex-mixed. and returned to the shaker. The umutuama. 20.0-mL aliquot withdrawal. pH measurements.
addition of 20.0 mL of Cr- or Cd-free Ca(NO,), solution. reweighing. vortex-mixing. and shaking steps were
repeated four times at 24-hr intervals. The samples were again centrifuged. 0.5-mL aliquots were withdrawn
for radionuclide counting, the pH of the supernatants was measured. and the samples were reweighed. vortex-
mixed. and returned to the shaker.

These steps were repeated four times at 48-hr intervals. Thus. both retention and release of Crand Cd were
each followed for 336 hrof reaction time. There were five dilution steps at 24-hr intervals for the release experi-
ment and release of Cr and Cd was followed for an additional time period after the dilutions were made.

Data analysis

Details of the calculations of the amounts of Cr and Cd retained and released by the soils are outlined in
Amacher et al. (1986). Concentrations of Crand Cd in the sample solutions were calculated from the specific
activities of the initial solutions and the measured activities of the sample aliguots. Correction for radionuclide
decay was avoided by counting the initial sotutions each time the samples were counted. The amounts of each
metal retained by the soils were calculated from the difference between the initial concentrations in solution and
the concentrations in solution at each sampling time with a small correction for the amounts removed for count-
ing. The amounts of each metal released by the soils as aresult of diluting the soil solutions were calculated from

RI




the solution concentrations at each sampling time during the release experiment with a correction for the
amounts remaining in the diluted solution. The amounts of each metal released by the soils after the dilution
steps were calculated from the solution concentrations with a small correction for the amounts removed for
counting.

The multireaction model (MRM) was used to obtain a best-fit of the retention data using a nonlinear, least-
squares, curve-fitting method (van Genuchten 1981). This method is basically the maximum neighborhood
method of Marquardt (1963) and is based on an optimum interpolation between the Taylor series method and
the method of steepest descent (Daniel and Wood 1973). The criteria used for estimating goodness-of-fit of the
model to the data were the r-square and the root mean square statistics. The root mean square is calculated by

rms = {rssfim —-p)]o'5 (4+-7)

where s is the root mean square, rss is the residual sum of squares. i is the number of data points. and p is
the number of parameters. The extra sum of squares principle (Kinniburgh 1986) was used to determine if there
was any statistically significant improvement in the fit of the model to the data by adding more parameters (i.e..
a two-reaction, three-parameter model vs a three-reaction, five-parameter model). The F-ratio needed to test
the statistical significance of adding or removing parameters is calculated by

F(pz—pl. m-p,) = [(rssI - l'ssz)/(p2 -p, )N/ [I'SSZ/("I —/72)] (4-8)

where m, p, and rss are defined as above and the subscripts refer to the model variations. The extra sum of squares
principle can only be applied if one model is a variation of another. as is the case here.

MODEL VALIDATION

Model variations

A number of variations of the multireaction model (MRM) are possible. The goodness-of-fit of six major
variations of the model were tested using Cr(V]) retention data for a Windsor soil at an initial Cr(VI) concen-
tration in solution of 1.0 mg L' (19.2 pmol L™"). The results are listed in Table 4-2. Experim=-ital data points
and model predictions for the six model variations are shown in Figure 4-1.

The five-parameter model variations (2.4, and 5) and the seven-parameter model variation (6) provide better
model predictions of these experimental data than the three-parameter model variations (I and 3). Variation 2
(two concurrent, nonlinear reversible reactions and one concurrent, first-order irreversible reaction) provided
the best overall prediction (lowest root mean square) of this data set. The standard errors of the parameter val-
ues for variation 2 are reasonable and are not inflated as a result of overfitting the model to the data.

Variations 3.4. 5. and 6 contain aconsecutive reaction (eq 4-5). In variations 3 and 5. the consecutive reaction
is assumed to be irreversible, but in variations 4 and 6 a reversible consecutive reaction is assumed. The inclu-
sion of a consecutive rather than a concurrent irreversible reaction does not improve the fit of the model to the
data (variation 3 vs variation 1, variation 5 vs variation 2), nor does the inclusion of all possible reactions shown
in the model (variation 6). In fact, it is not possible to determine whether the irreversible reaction is concurrent
orconsecutive, since both variations give the same overall fit to the data. The inclusion of an “irreversible ™ reac-
tion in the model is strongly supported by the continued decrease in the solution concentration of metal during
the 336 hr of reaction and the fact that not all the retained metal was released when the soil solution was diluted.
These points are discussed further below. The “irreversible” reaction may have been a very slow reverse reac-
tion, but for all practical purposes it can be considered unidirectional.

From the predictions shown in Figure 4-1, we conclude that a number of model variations can produce sim-
ulations of the data that are indistinguishable. A similar conclusion was made by Skopp (1986). It is not possi-
ble to distinguish among the possible reaction pathways by curve-fitting alone: independent experimental evi-
dence is required. At present, we have no experimental data to indicate that the concurrent multireaction model
should be used over the concurrent—consecutive version or vice versa. We chose to use the concurrent reaction
version to predict the other data sets due to its simplicity, but this does not preclude the use of other versions
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Table 4-2. Comparison of goodness-of-fit of several variations of the non-
linear multireaction model for describing Cr(VI) retention by a Windsor soil.

The initial concentration of Cr{VI) was 1.0 mg L™" and the reaction order for the nonlinear
reversible reactions was 0.551.

Variation

! 2 3 4 5 6
Model (1) 0.0961 0.997 0.956 0.997 0.997 0.998
Model (rms) 0.0261 0.00791  0.0279 0.00919 0.00820 0.00865
k| 0.256 0.331 — — 0.331 0.330
SE 0.0289 0.0211 — — 0.0215 0.0241
k, 0.282 0.549 — — 0.539 0.573
SE 0.0395 0.0635 — — 0.0610 0.10i
k, — 0.0221 0.253 0.362 0.0225 0.0278
SE — 0.00682  0.0289 0.0472 0.00616 0.0149
k, — 0.0509 0.266 0.543 0.0428 0.0649
SE — 0.0127 0.0378 0.140 0.0111 0.0515
k, — —_ 0.00231 0.0336 0.00339 0.00310
SE — — 0.000383  0.0352 0.000423  0.00439
k, — — — 0.0664 — 0.00893
SE — — — 0.0347 — 0.0537
k 0.00376  0.00291 — 0.00304 — 0.00235
SE 0.000448  0.000211 — 0.000205 — 0.00668
ms = root mean square,
SE = standard error of the parameter value.

1.0 T T T T T T
B ® Data 7
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Model variations 1 and 3

Model variations 2, 4, 5, and 6
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0 48
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144
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288 336

Figure 4-1. Prediction of experimental data for Cr(VI) retention by Windsor soil
using six model variations. The initial concentration of Cr(VI) was 1.0 mg L™ the
reaction order of the nonlinear reversible reactions was 0.551. MRM predictions
are shown as solid lines and experimental data as squares.
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if independent experimental evidence warrants additional reactions. Generally. the model variation with the
least number of parameters that will adequately describe the data with low parameter standard errors is the most
desirable.

Cr and Cd retention Kinetics

A three-parameter (one nonlinear reversible and one first-order irreversible reactions) and a five-parameter
(two nonlinear reversible and one first-order irreversible reactions) version of the MRM were used to predict
experimental data for the retention of Cr and Cd by several soils and at several initial solution concentrations.
Selected results for several soils at one initial solution concentration and for one soil at several initial solution
concentrations are listed in Tables 4-3 and 4-4 as examples for Cr and Cd, respectively. Other initial solution
concentrations for the other soils gave similar results. The model was not used to fit the Cr retention data for
the Norwood or Calciorthid soils because very little Cr was retained by these high-pH soils and the experimental
data were too variable. Best-fit three- or five-parameter model-predicted curves are shown in Figures 4-2 to
4-5 along with the experimental data points. The five-parameter model was used in the figures only if the pre-
diction was significantly better than the three-parameter version.

Either the three- or five-parameter model variations, depending on the initial concentration, predicted the
data adequately with low standard errors for the parameters in the majority of cases (Tables 4-3 and 4-4). For
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data sets where the model could not be fit to the data. a poor fit of the model to the data was obtained. Where
unacceptably high parameter standard errors were obtained. a number of reasons can be cited:

» The model is an inaccurate representation of the reactions that occur,

« The model underfit the data (too few parameters),

+ The model averfit the data (too many parameters).

* The experimental data was too variable, and/or

+» There were too few data points.

Each of these points is discussed below with supporting examples.

The model is an inaccurate representation of the reactions that occur: it does not describe accurately Cr
retention in the Kula and Webster soils at low concentrations. indicating the need for a different model for these
soils. The MRM could not be fit to the data for Cr retention by the Kula and Webster soils at an initial solution
concentrationof 1.0mg L™'. Furthermore. the parameter standard errors for the three- and five-parameter model
predictions for Cr retention by the Webster soil at an initial concentration of 10.0 mg L are greatly inflated
(Table 4-3).

The three-parameter model underfit the duta. The three-parameter version of the MRM did not predict the
Cr retention data for the OI|v1er Sharkey. and Molokai soils (C = I mg L™ ' and the Windsor soil (€, =10.
2.0.5.0.and 10.0 mg L") as well as the five- -parameter model dld nor did it predict lhe Cd retention data for
the Windsor soil (C = 0.016.0.026, 0.066. 0.116. 1.02. 5.02.10.0, and 50.0 mg L~ 'y as well.
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The five-parameter model overfir the dura. In most of these cases. the better fit of the five-parameter model
was achieved without significantly increasing the uncertainty in the parameter estimates. but in some cases the
better fit was achieved only with significant increases in the parameter standard errors. In many cases, however,
where the five-parameter version could not significantly improve the fit of the model to the data. the parameter
standard errors in the five-parameter version were inflated over those in the three-parameter version.

The experimental data was too variable. Inthe case of Cr retention by the Windsor soil. the three-parameter
version worked best at higher solution concentrations and the five-parameter version worked best at the lower
concentrations. At higher concentrations. only one nonlinear reversible reaction along with the first-order irre-
versible reaction is needed to describe the data. This does not mean that an additional nonlinear reversible reac-
tion is not occurring at the higher concentrations. If the extent of one of the reversible reactions is minor. then
it will not be observable at the higher concentrations.

Additional duta points would be needed for these soils to produce reliable coetficients for the fastest reaction.
The MRM could not be fit satisfactorily to the Cr retention data at initial concentrations of 150 and 200 mg L'
because of data variability. In general. the model did not predict the ex perimental data at higher concentrations
as well as at lower concentrations because of more variability in the experimental data. In addition. at higher
concentrations less time-dependent retention of Cr was observed. Moreover. the MRM did not work as well for
Cr retention by the Kula, Lafitte, Molokai., and Webster soils as it did for the other soils. Aside from the need
for a different model to describe Cr retention by the Kula or Webster soils, another reason for the poorer fit in
these cases is that fewer data points were available for model prediction. Nine data points were taken for these
soils, while 12 points were taken for the other soils. The first data point for the Kula. Lafitte. Molokai. and
Webster soils was taken at 24 hr, compared to 2 hr for the other soils. Thus, the standard errors of the rate coef-
ficients for the fastest nonlinear reversible reaction are large, since this reaction had reached equilibrium by the
time the first data point was taken.

The reaction order used for the nonlinear reversible reactions was obtained from the slope of regression lines
forlog S vs log C after 336 hr of reaction time (Amacher et al. 1986). It was found that the slope of log S vs log
C was less than | and did not change substantially with time after about 24 hr of reaction time. It was assumed
that the faster reversible reactions attained equilibrium within 24 hr, so that the reaction order for these reactions
could be calculated using the Freundlich approach (see eq 4-1). It was also assumed that all the reversible reac-
tions had the same reaction order (# = m). The model allows for the possibility that they are ditferent (n = m).
At this time there does not appear to be a suitable experimental method by which the faster reversible reactions
can be separated and their reaction orders determined independently. nor is it known whether they are indeed
different or the same. This should be the subject of additional research.

The shapes of both the experimental data curves and the MRM predictions (Fig. 4-4 and 4-5) are influenced
by the initial metal concentration in solution and clearly illustrate that nonlinear (/1 and m # 1) and Kinetic-type
retentionreactions occurred. This behavior might also be attributed to possible changes in reaction mechanisms
as the initial concentration changes. Furthermore, the magnitudes of the rate coefficients in Tables 4-3 and 4-4
depend on the initial concentration. This indicates that although the model is successful in describing Kinetic
data for a given initial concentration, the same rate coefficients cannot be used to describe data for substantially
different initial concentrations. Thus, the model is an oversimplitication and does not provide a complete de-
scriptionof the actual processes that occur during retention—release of metals by soils. It describes only the time-
dependence of the concentration of metal in solution and the amounts retained by the various assumed reaction
sites. In addition. only the loss of metal from solution was experimentally measured. Other components in the
reactions, such as the concentrations of the reaction sites and any ionic species exchanged by the retained metal
ions. were not measured. For a complete kinetic rate law. the time dependence of these components must be
described successfully. Thus. the model must be considered as a representation of an apparent rather than a
mechanistic rate law.

Release of Cr and Cd
The MRM indicates that a fraction of the retained metal will be released to solution because the nonlinear
reactions are considered reversible. The model also indicates that another fraction of retained metal will not be
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releasedto solution because of the irreversible retention reaction. The time-dependence of the amount of Cr (C
=1.0mgL” ') retained by the individual soil phases (s|.5,. and s, ) for the Windsor soil is shown in Figure 3- 6
as an example. According to the model. some of the Cr orluna]ly remmed by s, and s, was released to solution
and subsequently retained by s, As expected. s reached maximum retennon prior to the highly time-depen-
dent 5a1 while S, contlnued to mcrease with nme

Since the l\lneuc retention study showed that the overall retention of Crand Cd did not reach complete equi-
librium after 336 hr of reaction. we can expect that the retention of these metals will not be fully reversible.
Therefore, both the mode! and the retention data indicate that release of metal from the soil as a result of dilution
of the soil solution cannot restore equilibriumif the reversible reactions have not yet attained equilibrium (Selim
et al. 1976) or if there is an irreversible reaction.
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Figure 4-7. Time-dependent release of Crand Cd from a Windsor soil at several initial concentra-
tions of retained metal.
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This finding is supported by the experimental release data. Using the Freundlich model, Amacheretal. (1986)
showed that when the soil solutions were diluted, the experimental data points did not define a single
retention—release isotherm, nor did they overlie the 336-hr retention data isotherm that would be required for
asingle reversible reaction at equilibrium. This hysteresis effect in sorption isotherms, which occurs during re-
lease and upon dilution of the soil solution, was rigorously discussed by Selim et al. (1976) and has been ob-
served by otherinvestigators (Elrashidi and O’ Connor 1982a.b; Peek and Volk 1985). The cumulative amounts
of metals released as reported by Amacher et al. (1986) indicated that substantial quantities of Crand Cd were
irreversibly retained by the soils and not released to solutioneven after 336 hrof release time. Furthermore, most
of the retained Cr could not be extracted with 0.01 M KH2P04, which has been shown to readily replace ex-
changeable Cr(VI) anions (James and Bartlett 1983). Most of the retained Cd could not be extracted with 0.5
M Ca(NO,),. which indicates that much of the Cd was not exchangeable with Ca ions.

Additional insight into the reversibility of the retention of Cr and Cd can be gained by examining Figures
4-7 and 4-8. In Figure 4-7. the amounts of Cr and Cd retained by the Windsor soil are plotted as a function of
time for several initial concentrations. The amounts of retained Cr and Cd at time zero for the release ex periment
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Figure 4-8. Cumulative amounts of (top) Cr and (bottom) Cd released
from several soils as a function of the initial amount of metal retained by
the soils at the start of metal release.
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represent the amounts retained at the end (336 hr) of the retention experiment. Release of Crand Cd occurred
only during the dilution phase of the release study (24-144 hr) (Figure 4-7). After 144 hr of release no further
dilutions were done and the overall retention—release of metal appeared to have reached a steady state, since
little additional concentration changes were observed.

Release of metal occurred primarily when the samples with the greatest amounts of retained metal were di-
luted (Figure 4-7). Little release occurred at the lower conceutrations. The extent of release is thus dependent
upon the amount of retained metal. This can be readily seen in Figure 4-8 where the cumulative amounts of metal
released over 336 hr are plotted as a function of the initial amount of metal retained by the soil at the start of
the release experiment. In general, the cumulative amount of metal released increases as the amount of metal
that was originally retained increases. A possible interpretation is that at [ower concentrations the metal ions
are retained by sites where they are more strongly held. whereas at higher concentrations they are retained by
sites where they are more weakly held. There may be a range v metal-binding sites with different binding ener-
gies. This canonly be verified by independent experimental evidence. not by curve-fitting of a particular model.

Sensitivity analysis

The preceding examples show how the MRM can be used to describe experimental kinetic data. Atthis point
it is worthwhile to consider how sensitive the results of the model are to the various model parameters. Figure
4-9 shows the effect of incorporating different parameters into the model. The effect is primarily in the change
of the shape of the ¢ vs time curves. The magnitude of such a change is determined entirely by the magnitudes
of the model parameters. In some cases the effect may be large. while in others it is negligible. Recall that it was
possible to fit a number of model variations to the same experimental data set so that the results were virtually
indistinguishable. Thus there appears to be a number of combinations of model parameters and variations that
produce nearly the same results, so a unique solution of our model for its prediction of a given data set should
not be expected.

The effect of changing the reaction order associated with s, and s, on model simulation curves is shown in
Figure 4-10. By decreasing the reaction order, the rate of the reaction is increased. For three curves shown in
Figure 4-10 the reaction orders for both nonlinear reversible reactions are the same (11 = m), while for others the
reaction orders are different. The effect of the magnitude of the rate coefficients on the simulation curves for
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Figure4-9.Effect of model variations on model simulations. The parameters incorpo-
rated into cach model variation and their magnitudes are shown in the figure legend.
The reaction order for the nonlinear reversible reactions was (0.5,
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a given model variation is shown in Figure 4-11. As the magnitudes of the rate coefficients decrease, so do the
reaction rates. By adjusting the rate coefficients, an almost infinite array of curve shapes is possible. Note that
in Figures 4-9, 4-10, and 4-1{, the curves are not appreciably affected by the model parameters at short reac-

tion times. Only at longer times do the curves become separated.

Mechanism consistent with model

As previously discussed. it is not possible to deduce reaction processes that occur when soils retain metal
ions based solely on model predictions of the loss of metal ions from solution data. Alternative processes may
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giverisetothe same experimental observations. This point was discussed by Skopp (1986) in his review of time-
dependent processes in soils. Sposito (1986) pointed out that the complexity of the processes that occur when
ions are retained by soils defies unambiguous interpretation by simple models. The physical and chemical pro-
cesses that comprise reaction mechanisms occur at the molecular level, but experimental observations on soil
systems are nearly always at the macroscopic level. Furthermore, reaction mechanisms can never really be
proved, only disproved if suitable experiments can be designed to rule out unambiguously a particular
mechanism.

Despite these difficulties, mechanisms can be proposed that are consistent with the model and experimental
observations. Harter (1984) proposed that the most rapid reversible retention reaction was nonspecific ion
exchange, whereas the slower retention reaction was specific sorption of metal ions by soil surfaces. These
reactions may also be interpreted in terms of formation of outer-sphere and inner-sphere complexes with soil
surfaces (Sposito 1984). This interpretation is entirely compatible with the MRM model. Harter’s experimental
data was taken at very short time intervals using a batch reactor (Zasoski and Burau 1978). The method used
in this paper is only suitable for highly time-dependent or slow reactions. However, the applicability of the
model is independent of the time-scale of the experiments, since there is probably a continuum of reactions
covering a wide time period. The model curve must still pass through the data points regardless of when they
are taken, although the fastest reactions may be complete before the first data point is taken.

Amacher et al. (1986) proposed that the irreversible or very slowly reversible retention of Cr, Cd, and Hg
may be precipitation or coprecipitation, internal diffusion, or, in the case of Crand Hg, a change in the chemical
species (oxidation or reduction). Mendoza and Barrow (1987) proposed that the continuing reaction between
phosphate and soils is the penetration of adsorbed phosphate into the adsorbing surface. This would be identical
to the internal diffusion process, which was also proposed by Aringhieri et al. (1985) to explain why a single
second-order reversible reaction could not adequately describe Cu and Cd retention kinetics. However, actual
identification of the chemical species and reaction sites is necessary to distinguish among the various
possibilities, and such independent experimental evidence is for the most part lacking in the case of reactions
atsoil surfaces. Greater progress has been made in studying reactions at pure mineral surfaces (Davis and Hayes
1986). Nevertheless, the reaction mechanism proposed by Harter (1984) and extended to include other
processes by Amacheretal. (1986)is fully consistent witha vast body of soil chemistry literature, and the MRM
is compatible with this interpretation.




Chapter 5. Retention Kinetics of Mercury in Soils
Using the Multireaction Model

Numerous papers have examined various aspects of the geochemistry of mercury in water. sediment. and
soil (Hem 1970, Jenne 1970, Klein and Goldberg 1970. Thomas 1971, Cranston and Buckley 1972, Frost and
Bisque 1972, Gavis and Ferguson 1972, Thomas 1972, Lindberg and Harriss 1974, Reimers and Krenkel 1974,
Crecelius et al. 1975, Schindler and Alberts 1977, Anderson and Smith 1977. Eganhouse et al. 1978, Hogg et
al. 1978, Gambrell et al. 1980. Harsh and Doner 1981). A few general conclusions can be drawn from these
studies. Mercury (Hg) can be involved in a complex series of chemical and biological reactions in natural envi-
ronments. Many of these reactions involve changes in the oxidation state of Hg. The chemistry of Hg in water.
sediment. and soil is intimately linked to the organic matter in those phases. Organic matter appears to be the
single mostimportant component in the environment that controls the chemistry of Hg. including retention and
oxidationstate transformations. Retention of Hg by soil and sediment occurs by sorption onto manganese oxides
(Lockwood and Chen 1973), iron oxides (Kinniburgh and Jackson 1978. Inoue and Munemori 1979). clay
(Newton et al. 1976). and organic matter (Crecelius et al. 1975. Eganhouse et al. 1978) and by precipitation of
sulfides (Harsh and Doner 1981).

Methylation. reduction. and volatilization are the more important reactions involving changes in Hg specia-
tion. Methylation of Hg(1I) occurs in anaerobic and aerobic environments and appears to be both a biological
and an abiological reaction (Langley 1973: Jacobs and Keeney 1974: Rogers 1976. 1977). Rogers (1977)
showed that fulvic acid can methylate Hg(1I). but humic acid cannot. Thus. abiotic methylation of Hg(Il) is a
potentially important reaction. Reduction and volatilization is microbially mediated and apparently does not
occur abiotically (Rogers 1979, Rogers and McFarlane 1979). Avotins and Jenne (1975) also report that Hg
volatilization involves microbes. However. Alberts et al. (1974) showed that humic acid could reduce and vola-
tilize Hg(1).

It is apparent from the foregoing discussion that the reactions of Hg in the soil environment are quite complex
and can involve several chemical species of Hg and retention by several solid phases in soils. Thus, multireac-
tion models are needed to describe the chemistry of Hg in soils. especially where retention by multiple phases
is occurring. Recently. Amacher et al. (1988) showed that a nonlinear multireaction model could su~cessfully
describe the time-dependent retention of chromium (V1) and cadmium by soils. The success of this model indi-
cates that ithas potential applicability in describing Hg retention reactions insoils involving a single Hg species.
Ina previous paper Amacher et al. (1986) showed that single-reaction models failed to describe adequately the
Kinetics of HgCl, retention by soils. Inthis chapter we test the ability of the multireaction model (MRM) to de-
scribe the time-(fependent reactions of mercuric chloride by several soils at several initial concentrations. A
complete description of the multireaction retention model (MRM) was presented in Chapter 3. In Chapter 4.
the MRM was evaluated for the prediction of Cr(VI) and Cd retention in several soils. In this chapter. we discuss
the major differences in model predictions for Hg and those obtained previously for Cr(VI) and Cd.

EXPERIMENTAL AND DATA ANALYSIS

Soils

Soilsused inthis study are listed in Table 5-1 along with their taxonomic classification and selected chemical
properties. The soils were air-dried and passed through a 2-mm sieve before use. The methods used to obtain
the chemical property data are given in Amacher et al. (1988).
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Table 5-1. Taxonomic classification and selected chemical
properties used in the Hg retention-release studies.

Organic
Soil matter CEC Fe 0,

series Clussification pH (%) (emolv kg (%)

Cecil Clayey. kaolinitic, thermic 5.1 0.24 37 10.2
Typic Hapludult

Norwood  Fine-silty, mixed (cale.), 74 0.32 6.2 0.4
thermic. Typic Udifluvent

Olivier Fine-silty, mixed. thermic 6.4 0.99 8.3 1.1+
Aguic Fragiudalf

Sharkey  Very fine, montmorillonitic, 54 1.69 313 0.94
nonacidic, thermic
Vertic Haplaquept

Windsor  Mixed, mesic. Typic 54 0.94 1.2 2.20

Udipsamment

Reagents

Reagent-grade mercuric chloride, calcium chloride dihydrate, and potassium dichromate were used. A
radionuclide of Hg (203Hg. 3.56x 10° Bq kg_l. HgCl, in 0.5 M HCI) was used as a tracer to follow the extent
of the Hg retention reactions. )

Procedure

Retention and release of HgCl, was studied using the batch method outlined by Amacher et al. (1986). Initial
solution concentrations of Hg were 0.007, 0.012,0.052, 0.102, 0.502, 1.00, 5.00, 10.0. 50.0. and 100.0 mg L
in 0.005 M CaCl,,. The 2BHg concentration in each solution was 7.4 X 10° BqL™\.

Calculations using species formation constants given by Lindsay (1979) revealed that, at the chloride and
mercury concentrations used in this experiment, dissolved HgCl, was the predominant species. Thus, the reten-
tion of essentially a single Hg species was being studied. To hefp maintain oxidizing conditions and to inhibit
reduction and volatilization of the Hg(II), the solutions also contained 0.005% Cr(VI). The intent was to keep
Hg in a single form in solution throughout the course of the experiment.

The retention experiment was carried out as follows. Duplicate 4.0-g samples of each soil were added to pre-
weighed 50-mL Teflon centrifuge tubes. Then 40 mL of each Hg solution was added to the duplicate samples
of each soil, and the samples were vortex-mixed. The centrifuge tubes were placed endwise in a box on a shaker
set to shake at 120 osc min~'. The samples were shaken for |5 minevery 6 hr. After2.5, 8,24, 48,72,96, 144,
192, 240, and 288 hr, the samples were centrifuged for 10 min at 1300 x g. 25.0 mL of each supernatant was
withdrawn for radionuclide counting, the pH of the supernatant was measured, and the samples were reweighed,
vortex-mixed, and returned to the shaker.

Release of retained Hg from the soils was initiated by diluting the solutions in contact with the soils. After
336 hr of reaction between the soil samples and Hg solutions, the samples were centrifuged for 5 min at 1300
x g, 20.0 mL of each supernatant was withdrawn (of which 1.0 mL was used to count the 203 Hg), the pH of the
remaining supernatant was measured, and 20 mL of Hg-free 0.005 M CaCl,, were added to each sample. The
samples were reweighed, vortex-mixed, and returned to the shaker. The ceﬁtrifuging, 20.0-mL aliquot with-
drawal, pH measurements, addition of 20.0 mL of Hg-free CaCl, solution, reweighing, vortex-mixing, and
shaking steps were repeated four times at 24-hr intervals. The soil samples were again centrifuged, 0.5 mL ali-
quots of each supemnatant were withdrawn for radionuclide counting, the pH of the supernatant was measured.
and the soil samples were reweighed, vortex-mixed, and returned to the shaker.

These steps were repeated four times at 48-hrintervals. Thus, both the retention and release of Hg were each
followed for 336 hr of reaction time. There were a total of five dilution steps at 24-hr intervals for the release
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experiment, and release of Hg was followed for an additional time period after the dilutions were made.

The activity of 203 Hg was counted by liquid scintillation spectrometry. Correction for radionuclide decay
was avoided by counting the aliquot of the original Hg solutions each time samples were counted. To correct
forlosses of Hg due to sorption onto the Teflon tubes and volatilization from solution. 40 mL of each Hg solution
was added to S0-mL Teflon centrifuge tubes without soil in them, and these soil-free samples were carried
through the entire experimental procedure. These corrections proved to be minor.

Data analysis

Details of the calculations of the aiwwuins of mercury retained and released by the soils are outlined in
Amacheretal. (1986). Concentrations of mercury in the sample solutions were calculated from the specific ac-
tivities of the initial solutions and the measured activities of the sample aliquot. The amounts of Hg retained
by the soils were calculated from the differences between initial concentrations in solution and the concentra-
tions in solution at each sampling time, with a small correction for the amounts removed for counting. The
amounts of Hg released by the soils as a result of diluting the soil solutions were calculated from the solution
concentrations at each sampling time during the dilution steps, with a correction for the amounts remaining in
the diluted solution. The amounts of Hg released by the soils after the dilution steps were calculated from the
solution concentrations at each sampling time, with a small correction for the amounts removed for counting.

The rate coefficients for the nonlinear multireaction model were obtained using a nonlinear, least-squares,
parameter-optimization method (van Genuchten 1981). This method is basically the maximum neighborhood
method of Marquardt (1963) and is based on an optimum interpolation between the Taylor series method and
the method of steepest descent (Daniel and Wood 1973). The criteria used for estimating goodness-of-fit of the
model to the data were the r-square and the root mean square statistics. The exira sum of squares principle
(Kinniburgh 1986) was used to determine if there were any statistically significant improvement in the fit of
the model to the data by adding more parameters to the model (e.g.. one vs two nonlinear reversible reactions).
Additional detaiis have been given in Chapter 4 and are also available in Amacher et al. (1988).

MODEL EVALUATION

The reaction order for the nonlinear reversible reactions was obtained from the slope of regression lines for
log total s (sl +5,+5, ) vs log ¢ after 336 hr of reaction (Amacher et al. 1986). An example is shown in Figure
5-1 for the Cecil sonl Results from the other soils provided similar figures. The slope of log s vs log ¢ at each
reaction time was <1 (nonlinear) and did not change significantly with time after about 24 hr of reaction time.
It was assumed that the reversible reactions attained equilibrium after 24 hr, so that an estimate of the reaction
order for these reactions could be obtained using the linear form of the Freundlich equation (log s = log K + 11
log ¢). It was also assumed that the reaction orders for all reversible reactions had the same numerical value (n
= m), although the model allows for the possibility that
they have different values. However, there does not ap-
pearto be asuitable experimental method to determine the
actual number of reversible reactions and their reaction
orders and rate coefficients separately and independently.

The results of the parameter optimization method for
obtaining the rate coefficients are listed in Table 5-2. The
fit of the model to the data is illustrated in Figures 5-2
through 5-6 for the five soils. Two variations of the model
were used in describing the data: a three-parameter ver-
sion (kl , kz, k )consisting of only one nonlinear reversible
reaction (eq3-2),anirreversible ﬁrst-order reaction (eq 3- Figure 5-1. Mercuric chloride retention iso-
4). and a five-parameter version (L ,,. I\z k .k )consnst- therms for Cecil soil at each sampling time from
ing of two nonlinear reversible reacnons (eq 3- ” and 3-3) 210336 hr,

Hg retained, mg kg

"0.001 0. 010 0 100 1 000 10.000 100.000

Hg in solution, mg '
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Figure 5-3. Time-dependent HgCl retention by
Norwood soil.
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Figure5-5.Time-dependent HgCl, retention by
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Figure 5-6. Time-dependent HgCl, retention by
Windsor soil. )

and the irreversible first-order reaction (eq 3-4). The five-parameter version is reported in Table 5-2 only if it
was found to give a statistically better fit to the data than the three-parameter version according to the extra sum
of squares principle. Otherwise the three-parameter version is shown.

Itis apparent from the r-square and root mean square statistics in Table 5-2 and from the figures that the model
describes the data quite well for the initial concentrations shown. The 95% confidence intervals for the indi-
vidual rate coefficients were for the most part reasonable, except in those cases where the experimental data did
not fit a smooth curve, so considerable uncertainty in the values of the rate cozfficients was observed.

Some dependence of the rate coefficients on the initial Hg concentration was observed. especially when com-
paring values at the highest and lowest initial concentrations. The shapes of the experimental data and model
curves were also dependent on the initial Hg concentration. This indicates possible changes in the number and
type of retention reactions as the initial concentration changes. Since Hg is retained by a number of solid phases
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in soils, it is likely that a range of other types of reaction sites is encountered. At low Hg concentrations. not
allthe sites will be filled, but at higher concentrations, some types of sites may be completely filled while others
are only partially filled, depending on the affinity of the sites for Hg. This can account for the varying shapes
of the time-dependent retention curves as the initial concentration increases. Because the model is probably a
simplified representation of a complex series of reactions, the rate coefficients obtained by fitting the mode! to
the data should not be considered those for elementary reactions that comprise the reaction mechanism. They
are probably apparent rate coefficients for a number of reactions of similar type.

Forthe Cecil and Windsorsoils. which showed the least retention of Hg, the three-parameter model was ade-
quate for all the initial concentrations listed. The five-parameter model provided improved description of the
data at the higher Hg concentrations for the Norwood, Olivier, and Sharkey soils. This behavior is quite the
opposite of that observed for Cr(VI) and Cd retention by these same soils (Amacheretal. 1988). where the five-
parameter version was found to work best at lower concentrations. The additional reaction needed at higher Hg
concentrations may be due to the presence of other types of sorption sites not encountered (or inaccessible) at
lower Hg concentrations or to the formation of an insoluble Hg phase. However, the fit of the model to the data
cannot be used as proof of this since a number of retention reactions may account for the coatinuing loss of Hg
from solution, including precipitation, internal diffusion, or some species transformation reactions. Itis not nec-
essary to postulate a specific reaction in orderto use the model todescribe the data, however, since it is a general-
purpose model that does not rely on a specific reaction mechanism. These points were discussed in detail by
Amacher et al. (1988) and Selim and Amacher (1988).

The model did not fit the data at the lowest initial Hg concentrations (<0.052 mg L! for the Cecil. Norwood.
and Olivier soils and <0.10 mg L~! for the Sharkey and Windsor soils; data not shown). There was some evi-
dence of the formaticn of a labile Hg species at the lowest concentrations of Hg. since after an initial decrease
in Hg concentration upon reaction with the soils inthe retention experiment, a slow increase in Hg concentration
in solution was observed over time as Hg was released
from the soils back into solution. The Hg release was
greatest for the Cecil soil and was much less for the other
soils. The identity of this labile Hg species is unknown,

S’loo.oog o ¢ o o - ~ N
butin view of the known biological and abiological meth- o $ 0388 & . g 8 5
ylation of Hg in soils, this is a likely possibility. Experi- E, '0-002 Z 900 o L0 - -
mental methods for determining different Hg species § 100? 6888 & 5 ¥ 8 3
would need to be used to determine the identity of the o 8 8888 8 &8 &5 8 3%
labile Hg observed at trace concentrations. The formation S) OJO; © o oo ° c < o ¢
of labile Hg occurred despite the presence of 0.005% po- T o ;_o °° °7 ° ‘i’ e ° @
tassium dichromate, which was added to the solutions to 0 48 95 144 192 240 288 336
inhibit reduction and volatilization of Hg. The concentra- Time, hr

tion of this labile form of Hg was minor relative to the
total Hg concentration in the solution, and its presence did
not interfere with the application of the model to the data
at greater than trace concentrations of Hg. Inclusion of

Figure 5-7. Time-dependenr mercury releuase
Sfrom Cecil soil.

hel
® 600r—  ——— . __ -
species transformation reactions in the model would in- 5 ' 0—0OCeci o 90
1 . ° 50.0. P !
crease its usefulness at trace Hg concentrations, but rate & } @7 ®Norwood / <
. . . =t} J— i / A
coefficients for such reactions are lacking and need to be T 400 arTAWindser
determined. e 01 5 o
. . . . . - ; O
Incorporation of an irreversible reaction in the model o 00+ 4 / yd e M
. o v . / ) B
(eq 4-4) is supported by the continuing loss of Hg from E 100+ > /o / /
solution. Complete equilibrium was not attainedin 336 hr - o o
. . . » g0 A—a-gT 0 ® e )
of reaction. The retention of Hg was not fully reversible, * 0.09 0.70 1.00 1006 10033 196300

asillustrated by Figure 5-7, which shows the time-depen- Hg retained, mg kg
dent release of Hg from the Cecil soil. The other soils  Fioure 5-8. Cumulative mercury release as a
showed similar results. It is apparent that there was little  function of retained mercury.
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if any Hg release at the lower concentrations and that where release occurred. it was found primarily during the
dilution steps. since little release of Hg was observed after they were discontinued. Apparently, Hg release is
extremely slow or does not occur at lower concentrations.

The cumulative amounts of Hg released expressed as a percentage of the amounts retained by the soils prior
to the start of the refease experiment were plotted as a function of the amounts retained. Figure 5-8 clearly shows
that Hg release is a function of the amount of Hg retained by the soil. Very hittle cumulative release of Hg
occurred at the lower retained Hg levels. This supports the existence of a range of different types of retention
sites with different affinities for Hg. At low amounts of retained Hg, virtually all the Hg is retained by high-
affinity sites that will not readily release Hg when the soil solution is diluted. At higher levels of retained Hg.
the high-affinity sites become filled and Hg is bound by lower-affinity sites that will release it when the soil
soluticn is diluted. The various soils also show different levels of affinity for Hg. The Cecil and Windsor soils,
which retained less Hg than the other «oils. more readily released it to solution. The Norwood, Olivier, and
Sharkey soils showed about the same affinity for Hg. Only the cumulative release of Hg from the Norwood soil
isshownin Figure 5-8. since the Olivier and Sharkey soils showed nearly equivalent results and overlapped the
Norwood results almost exactly.

The results of this investigation show that a nontinear multireaction model is capable of describing the reten-
tion of a single species of Hg by multiple soil phases. The model does not depend on any particutar mechanism
of solute retention, because the reactions in the model are distinguished solely on the basis of reaction rate; it
1s not necessury to have any prior knowledge of the retention processes to describe the data successfully. How-
ever. the fit of the model to the data does not prove any particular mechanism, since multiple processes can pro-
duce the same experimental results. Independent experimental evidence is needed to identify the processes
responsible for element retention in soils. The model would have to be modified to include Hg species trans-
formation reactions, including methylation and reduction—volatilization, to describe accurately Hg retention at
trace concentrations. Independently measured rate coetficients for the Hg species transformation reactions
would greatly aid the use of the model. because attempting to fit too many rate coefficients at once results in
apoordescription of the dataand yields poorly defined model parameters with excessively large standard errors.




Chapter 6. Predicting CR(VI) Transport Based on the
Multireaction and Transport Model

Forseveral heavy metals (e.g.. Cu. Hg, Cr. Cd. and Zn). retention—release reactions in the soil solution have
been observed to be strongly times-dependent. Recent studies on the kinetic behavior of several heavy metals
include Harter (1984), Aringhierietal. (1985). and Amacheret al. (1986) among others. A number of empirical
models have been proposed to describe kinetic retention—release reactions of solutes in the solution phase.

The earliest model is the first-order Kinetic equation, which was first incorporated into the convection—
dispersion transport equation by Lapidus and Amundson (1952). First-order Kinetic reactions have been ex-
tended to include the nonlinear kinetic type (van Genuchtenet al. 1974, Mansell etal. 1977, Fiskell etal. 1979).
A variety of other kinetic reactions are given by Murali and Aylmore (1983).

Amacher et al. (1986) found that the use of single-reaction kinetic models did not adequately describe the
time-dependent retention of Cr, Hg, and Cd for several initial concentrations and several soils. As a result,
Amacher et al. (1988) developed a multireaction model that includes concurrent and concurrent—consecutive
processes of the nonlinear kinetic type. The model was capable of describing the retention behavior of Cd and
Cr(VD) overtime for several soils. Inaddition, it predicted that a fraciion of these heavy metals was irreversibly
retained by the soil.

The literature search revealed that no studies were carried out on the description of heavy metals transport
in soils where the retention—release reactions are based on kinetic mechanisms. Amoozegar-Fard et al. (1984)
may have been the first to investigate the mobility of Cd. Ni. and Zn using a fully reversible first-order kinetic
reaction. In this study. we modified the multireaction model of Amacher et al. (1988) and incorporated it into
the convection—dispersion transport equation. The model’s ability to predict Cr(VI) mobility in several soils
was examined.

This chapter describes the transport behavior of Cr( V1) insix soils that have varying properties. We also test
the ability of the multireaction and transport model (MR TM) for its ability to predict the retention characteristics
of Cr( V1) during transport. In addition, we investigate the use of kinetic retention parameters obtained from
batch experiments to predict Cr(VI) mobility in soils.

THE MODEL

A complete description of the multireaction approach for heavy metal transport and retention in soils
({MRTM). including the appropriate initial and boundary conditions for the model and details of the numerical
solution used. is given in Chapter 3. A listing of the computer code for the model is given in Appendix B.

EXPERIMENTAL METHODS

Six soils were used to investigate the interactions and mobility of Cr({ VI) in soil columns. The taxonomic
classification. mechanical size distribution, and selected properties of the soils are given in Table 6-1. The B
horizon forthe Cecil soil and the Ap horizon of all other soils were used. The kinetic retention of Cr( VI) by these
soils was investigated by Amacher et al. (1988) using the batch technique for a wide range of applied Cr(VI)
concentrations. Selected results from this work are given in Chapter 4.

Miscible displacement experiments were used to study the mobility of Cr( VI) in the six soils. Each soil was
air-dried and passed through a 2-mm sieve before use. We followed the miscible displacement procedure de-
scribed by Selim et al. (1987), where Plexiglas columns (4.4 cm in diameter x 6.35 cm long) were uniformly
packed with each soil to a given bulk density (Table 6-2). More than 20 pore volumes of 0.005 M Ca(NO})2
were introduced into each column at a constant flux (Table 6-2) to equilibrate the soils with the background so-
lution. A pulse of 100 mg L' Cr(VI1)in 0.005 M Cu(NO‘)2 solution was introduced into each column using
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Table 6-1. Taxonomic classification and selected physical and chemical prop-
erties used in the miscible displacement studies.

Orgaiie

Soul Sund Silt Clay matier CEC Fe, 0,
series Classification 10y 160 M7 pl (7] temol+ kg 1y 1
Ceanl Clayey. kaolinitic, 30 19 51 hR| 0.24 37 10.2
thermic

Tyvpic Hapludult

Norwood  Fine-silty. mixed 79 I8 3 74 0.32 6.2 044
(calea thermic
Typic Uditluvem
Olivier  Fine-sifty. mixed. 5 %9 6 6.4 0.99 X3 1.14
thermic
Aguic Fragiudalf
Unnamed Calcionhid 70 19 1t 8.1 0.46 14.7 0.83
Webster  Fine-loamy.mixed. 27 49 24 7.4 4.34 48.1 0.76
mesic
Typic Haplaguoll
Windsor  Mixed.mesic 77 20 3 54 0.94 1.2 2.20

Typic Udipsamment

Table 6-2. Soil parameters for the various soil columns of
the miscible displacement experiments.

Water Bulk
comtent,  density. Flu.
Column (3] P v CriVhpulse
Soud mimiber— tentem Yy tgem Y emir ) (pare volumes)

Calciorthid 1 047 1.4] 014 2.6

110 048 1.37 1.08 23
Ceuil 20 0.539 1.08 013 15.9

210 048 1.39 1.04 16.3
Norwood 301 042 1.72 0.14 25

310 047 [.40 104 4.3
Olivier 401 0.52 1.27 0.14 2.6

410 .53 1.25 1.0K) 39
Webster 510 0.62 .96 0.96 1.5
Windsor 601 (1.3% 1.65 017 49

610 042 1.53 1.13 3

a peristaltic tubing pump at a constant flux. A radionuclide tracer (3.7 x 10° By L' 3'Cr) was added to the Cr
solutions to follow the extent of the mobility and retention reactions. The radio-lubeled Cr(VI) pulse was fol-
lowed by several pore volumes of Cr-free background solution of 0.005 M Cu(NO\})2 to elute the columns and
obtain a complete Cr(VI) breakthrough curve for each soil. A fraction collector was used to collect column
effluent. The 320 keV > Cr peak was counted using gamma spectrometry. In addition. for each soil at least two
Cr(VI) miscible displacement experiments or replications were conducted. Soil parameters associated with
each column experiment, such as v, p. @, and volume of solute pulse (input). are given in Table 6-2. The dif-
ference among replications for each soil is that significantly 2ifzreat fluxes (v were uicdl as is commonty
carried out in miscible displucement studies.

To detcrmme the hydrodynamic dispersion coefficient (D) for each soil, a pulse of tritium (- *H O) and
chloride-36 (*°Cl) was applied to each column prior to the Cr(VI) pulse. The volume of each pulse was equiv-
alent 1o one pore volume. For both tracers. the background solution of 0.005 M Ca(NO,), was maintained at
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all rimes. Liquid scintillation spectrometry was
. . . WO 71 T T
used to count the chloride-36 and tritium radio- L

Cecil Cecil

tracers. ok . e L ~ St
] ,/ ) 1 i
EVALUATION OF THE MRTM 061 / 4+ _

A prerequisite for the validation of a model is 0.4l

that the necessary model parameters be estimat- - . :

ed independently. In this study, we attempted to o2 \ Iy : -
utilize. whenever possible, parameters that were Ny ] .. 1T / \ q
either independently measured or estimated by J © b1 1S S
indirect means. Parameter estimates were util- LO_ R N

ized for the kinetic rate coefficients from the | e (e |
batch studies of Amacher et al. (1988). Selected . 1l - *
rate coefficients are also given (see Chapter 4). 06k ,\ 1 p ’ |
Other model parameters such as v, p,and © were B LN 1L

experimentally measured for individual soil 04l e / )

columns. ., 1L f 4

P} S S N R

Values for the hydrodynamic dispersion co- 0.2 4
efficient (D) of eq 3-7 were obtained independ- Fd \\N 4+ :\\
ently from the tracer data for 3H,O and *®Cl for 05 E— ""3 2 0 ; 5 T 3
each soil. Selected resuits of I H,O and 3¢l VIV,

breakthrough curves (BTCs) are shown in Fig-
ure 6-1. These BTCs were interpreted using the

classical convection—dispersion equation (Selim
and Mansell 1976):

Figure 6-1.Chloride-36 and tritium breakthrough curves
(BTCs) for Cecil and Windsor soils. Solid curves are
model-fitted BTCs.

R 3c/dt = D 9°¢/ax" — (/@) dc/ox, (6-1)

where ¢ = solute concentration (mg L”')
© = soil water content (cm3 em™ )
v = Darcy’s flux (cm hr")
D = hydrodynamic dispersion coefficient (cm2 hr"')
x - soil depth (cm)
t = time (day_')
R = retardation factor,

R=1+p Kd/(-), (6-2)

and K a is the distribution coefficient (cm3 kg"l ). Best-fit model parameters (Table 6-3) for D (and R) were ob-
tained by use of the nonlinear least-squares optimization method of van Genuchten (1981). Estimates for R
values for the tracers were close to unity for all soils. R greater than unity indicates sorption or simply retarda-
tion, whereas R <1 may indicate ion exclusion or negative sorption. Similar values for R for tritium and
chloride-36 were reported by Nkedi-Kizzaet al. (1983), van Genuchten und Wierenga (1986). and Selim et al.
(1987). Estimates for D were similar for the two tracers; therefore, a simple average value for D was used in
the transport model. Tracer results of Figure 6-1 also show little tailing of the BTCs. suggesting that the local
equilibrium assumption for these soils, tracers, and water fluxes is valid (Rubin 1983),

Breakthrough curves for Cr(VI) transport from the miscible displacement experiments are shown in Figures
6-2 to 6-9 for all soils. Results from Calciorthid, Norwood, and Webster soils show high peak concentrations
close to unity (C/C(, = ). with a sharp rise of the influent (or left) side of the BTCs. This was accompanied by
little tailing of the desorption (or right) side of the BTCs. The times of arrival (or location) of the BTCs also sug-
gest that little retention of Cr(VI) occurred in these soils. Moreover. the overall shape of these BTCs are similar
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Table 6-3. Estimated dispersion coefficients (D) and retardation
factors (R) obtained from chloride-36 and tritium breakthrough

curves.
Chloride-36 (x 107) Tritium (x 107)
Dispersion Dispersion
Soil coefficient Retardation coefficient Retardation
series (e’ hrly factor (cm® hr') factor
Cecil 0.1721£0.0474  0.9911£0.0496 0.17310.0429 0.934£0.0409
Norwood 0.074+0.0334  0.955+£0.0066 0.085+0.0384 0.997+10.0714
Olivier 0.05410.0123  0.996+0.0326 0.07710.0074 1.021 £0.0296
Windsor 0.297 £ 0.0474 1.082+£0.0496 0.18610.0474 0.905 £0.0496
Unnamed _ 0.054+0.0095 0942100169  0.066+0.0161 1.034+0.0312
to those for the nonreactive chloride-36 and tritium o
BTCs of Figure 6-1. For Olivier soil (Fig. 6-6), the ' ' I I [ [
. Cotl hid
BTC has a similar overall shape to the above three u o5 s clerering
- - . - L4
soils withahigh peak concentration and amoderate 0.8f— o * s \o —
tailing of the desorption side. However, there is a L ¢ _
shift to the right of the entire BTC, suggesting the .
. . . 06— —
occurrence of retardation (sorption—desorption) dur- o
ing transport in Olivier soil. Such a retardationin & [~ -
the arrival of Cr(VI) in the effluent was not ob- oal— fo —
served for the previous three soils.
. — L —_
The BTCresults of Figure 6-2 through 6-6 show
that for Calciorthid, Norwood, Webster, and Ol- 02— /e —
iviersoils approximately 100% of the applied Cr( V1) = S =
-
pulse was recovered in the effluent solutions. In o KL il L al ! ]
contrast, for Cecil and Windsor soils (Fig. 6-7 ¢ " ¢ 6

through 6-9), the area under the BTCs indicate that
only about 30 and 60% of the applied pulse was re-
covered, respectively. Inaddition, Cecil and Wind-
sor BTCs show extensive tailing and a retardation
of Cr(VI) in the effluent as well as a lowering of
concentration maxima. These features strongly sug-
gest kinetic (reversible and irreversible) solute re-
tention (Selim et al. 1976, Raoet al. 1979, Nielsen
et al. 1986).

Reversible and irreversible reactions of Cr(VI)
in these soils may be the result of several retention
mechanisms, including physical adsorption. ion
exchange, formation of surface complexes, precip-
itation, and coprecipitation (Bartlett and James
1979. Amacherand Baker 1982, James and Bartlett
1983a,b,c). Irreversible retention, which is incor-
porated in our model, is strongly supported by the
continuing reaction between Cr(VI) and the soils
even after 336 hr in the batch studies, the fact that
overall retention was only partly reversible, and the
fact that little retained Cr(VI) could be replaced by
phosphate tons (Amacher et al. 1986). We postu-
late that the irreversible reaction is caused by a re-
duction of Cr(VI) to Cr(III), with possible precipi-

Figure 6-2. Measured (dots) and predicted BTCs for
Cr(Vl)in Calciorthid soil (column no. 101).

T T T T T
Norwood ]
(o) Experimental Data
- —
- v:0.14 emhrt T
ol | [
o] 2 4 [ 8

Figure 6-3. Measured (dots) and predicted BTCs
Jfor Cr(VI) in Norwood soil at v = 0.14 ¢m hr!
(column no. 301). Curve A is the model prediction
Sforanonreactive solute and curve B is afitted BTC
using equilibrium (Freundlich) sorption (Kd =

0.0475 cm® g~ and b = 0.952).
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Norwood —

—  Figure 6-4. Measured (dots) and predicted

BTCs for Cr(V1)in Norwaood soil atv =1 .04cm

hi! (column no. 310). Dushed curve is model

- prediction for a nonreactive solute and solid

i';k_ L \\ curve is o fined BTC using cquilihi_'iu_n/) (Fre-

% > a e a  undlich) sorption (K = 0.0475 cnr” ¢~ and b
VIV, =().952).

0.2 . V.04 cm b \

Webster

c/C,

Figure 6-5. Measured (dots) and predicted
BTCs for Cr(Vi) in Webster soil (column no.
4 510). Curve A is model prediction using harch
rate coefficients for C“ =10myg L~ and curve
reaeen| B (dushed) is model results for a nonreactive
solute.

Olivier

\
T*eel

\e € xperimental
\ ‘/ Data

c/C,

\ L4 . .
\ D (fitted) Figure 6-6. Mcusured (dots) and predicred

X BTCs for Cr(V1) in Olivier soil (column no.
401).Curves A, B, und C are model predictions
using barch rate cocfficients for C =100, 10,
and I mg L, respectively. Curve Disa fitted
v~ J BTC using parameters obtained from least-
6 8 squares optimizdtion.

tation of Cr([II) on mineral surfaces or as discrete particles of hydrous Cr(HI) oxides. Organic matter. Fe(1l)
minerals, and other possible reducing agents are known to irreversibly reduce Cr(VI) to Cr(11l). Reduction of
Cr(VI)to Cr(1H) by organic matter is a slow process at normal environmental pH and temperature levels as used
inthis study. Moreover. the overall reaction rate is pH-dependent (Amacherand Baker 1982), and the proposed
irreversible term in the model (eq 3-13) is consistent with these observations.

The solid and dashed curves shown in Figures 6-210 6-9 are model calculations of Cr(VI) BTCs for the mis-
cible displacement experiments. In the following discussion, predicted BTCs imply the use of independently
measured model parameters derived from the batch reaction studies (kl. kz‘ l\"‘. I\J. and kl )y of Amacher ct al.
(1988) that are given in Chapter 4. The predicted BTC shown in Figure 6-2 for Calciorthid was obtained with
all rate coefficients set to zero. These values were selected since little or no sorption of Cr(VI) was previously
measured for all applied initial concentrations in the batch experiments. Therefore, the miscible displacement
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data are consistent with the data obtained earlier from the batch studies. Moreover. model predictions agreed
well with the experimental BTC; consequently, Cr(VD) transport may be considered similur to that of a non-
reactive solute. Infact. the sorption side of the experimental BTC indicates early arrival, which suggests udegree
of negative retardation (orion exclusion) in the Calciorthid soil. Other possible reasons forearly arrival of BTCs
may be the presence of preferential (micro- vs macropore) flow and/or mobile—immobile regions (van Gen-
uchten and Wierenga 1976).

The use of a nonreactive transport model also provided good predictions of the experimental BTC for Nor-
wood soil (Fig. 6-3). According to Amacheret al. (1988), Cr(VI) retention in Norwood was similar to Calcior-
thid where httle sorption was detected for these high pH soils. Improved BTC prediction was obtained when
the nonlinear least-squares (best-fit) optimization scheme (van Genuchten 1981) was used in conjunction with
ourmodel. Asaresult. the fitred BTC (solid curve ir: Fig. 6-3) was obtained. which suggests small Cr VD) reten-
tion inn this soil. Actual best-fit parameter estimates were for Kd was 0.0475 +£0.0236 cm‘” g_l and for £ 0.952
+0.092. The use of linear retention (i.e.. b = 1) provided similar BTC predictions.

To tllustrate the reliability of our experimental results as well as the versatility of our model. Cr(VI) results
for Norwood soil obtained under high flux (v =1.04cm he™!', column no. 310. Table 6-2) were also examined.
This is shown in Figure 6-4. where the use of a nonreactive transport model provided good agreement with the
experimental results. This finding is consistent with that obtained previously for BTC results from low flux (v
=0.14 em hr™!y for the same soil shown in Figure 6-3. Moreover. the use of fitted model parameters (K | and
h) from the fow-tlux BTC provided equally good prediction for the high-flux BTC, as indicated by the solid
curve of Figure 6-4. We should also point out that analyses of BTC results for other soil columns at high fluxes
(not shown) were consistent with those for Norwood soil: refer to other studies on the influence of flux onsolute
retention during transport in soils (e.g.. Selim et al. 1976. van Genuchten and Wierenga 1986). Therefore. we
limit the tollowing discussion to Cr(VI) transport in columns under [ow tTuxes (see Tuble 6-2).

The description of Cr transport for Webster soil (Fig. 6-5) was attempted in two different ways. Because of
the overall shape and location of the BTC. we utilized a nonreactive model to describe the experimental data

e ————

A o Cecil
// : ki kO
o / 2] ! )
o 8 ‘ ~
poT T
! |
‘ i
RN i
iy ‘
o y
na. C ! -
: : . | BT o ; Experimental
Figure 6-7. Mcasured (dots) and predicted BTCs for Lo e "mvc ¢
Crivhin Cecil soil (column no. 201 ) using the three-pa- R s) ‘ KT
rameter model (e X, =Kk_ =0} Curves A.B.C.D.und J £ . S e
oL N e . | =L ae . G TN L
E are madel predictions using batch rate coefficients for ] o 24 32
-

C,=100.25.5.2 und I mg L respectively. s

Figure 6-8. Measured (dots) and predicred BTCy for 7 <
CrV) in Cecil soil (column no. 201 ) using the five-
parameter model. Curves A, B, C, D, and E ure model \
predictions using barch rate coefficients forC = 100,25,

S 2and I myg L, respectively. Curve F iy u“ﬁ/r('(/ BTC

using purameters obtained from least-quares optimiza- o
tion (see Tuble 6-4).
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(dashed curve). We also obtained model predic-

Windsor | tions using estimated parameters from the batch
i results and the three-parameter version of the
! multireaction model (MRM). Specifically,
‘ parameters /\’l kyonoand & given in Table 4- 3
(Table 5 of Amacher et al. l%b) were used in
; the MRTM. Similarities of model predictions
' (solid curve) to the nonreactive BTC (curve A)
' were not surprising. This is primarily due to the
large L and &, values (0.948 and 1.08 he'),
which suwcxl l'dpld retention—-release reactions
and thus closely resemble conditions for local
e equilibrium. In addition, the extent of Cr reten-
tion was small due to the small values for the
Figure 6-9. Measured (dots) and predicted BTCs for order of reaction b (= 0.303) and A (=0.00258
Cr(V) in Windsor soil (column 601). Curves A, B, und C hr- ) The model estimated that only 0.19% of
are model predictions using barch rate coefficients for C“ applied Cr was irreversibly retained by the soil
= 2.5 and 100 mg L™ respectively. Curve D is a fitted  cojumn after 4 pore volumes. The paramelters
BTC 1‘L\'ing pu{'unu'u'rs obtained front least-squares opti- used for model calculations were the batch
mization (see Table 6-3). resulls foran mmalconcentmuon((‘ Jof 10mg
L' whereas aC of 100mgL” ' was uxed inthe
applied pulse to the miscible displacement columns. Model calculations using olher coefticients for different
CO were not performed because poor parameter estimates (highly inflated standard errors) were obtained using
parameter optiriization. The use of the multireaction model to describe Cr retention in batch experiments was,
therefore. not recommended for this soil. It is conceivable that poor parameter estimates are the resuft of the ex-
tremely low Cr retention or lack of kinetic reactions as indicated by the shape of the BTC in Figure 6-5.

The predicted BTCs shown in Figures 6-6 1o 6-9 for Olivier Cecil. and Windsor soils were obtained using
different sets of parameter values for the rate coefficients (k. &,. k. k,.andk ) in the transport model. This is
because a unique set of values for the rate coefticients was nol obmmed trom the batch data: rather, a strong
dependence of rate coefficients on input concentration (CO) was observed (Amacher etal. 1988). For these soils,
several features of the predicted BTCs are in common and suggest strong dependence on the set of rate coef-
ficients used in model predictions. Increased sorption and decreased peak concentrations were predicted when
batch rate coefficients from low initial concentrations (CU) were used. The dependence of predicted BTCs on
rate coefficients from different C s is manifested for Cecil soil, whereas minimum influence was obtained for
Windsor soil.

From Figures 6-6 through 6-9, the use of batch rate coetficients at C0 =100 mg L~ which is the concen-
tration of Cr(VI) in the input pulse. grossly underestimated Cr(V1) retention by the predicted BTCs for these
soils. In fact. for Olivier and Windsor soils, underestimation of Cr retention and thus overestimation of poten-
tial mobility of Cr in these soils was consistently observed for all sets of rate coefficients used. However, fer
Cecil soil, the use of sets of rate coefficients from low C sresulted inlower overall concentration in the eftluent
and predicted an increased retention in the soil column. This is a direct result of higher irreversible rate coef-
ficients for Cecil in comparison with Olivier or Windsor soils. In addition, as C ,decreased from 100 to I mg
L! .k values increased by more than two orders of magnitude (from 0.00093 toO 211 hr '), whichresulted in
hlghcl‘ amounts of Crirreversibly retained by the Cecil soil as predicted with our transport model.

The model predictions shown in Figures 6-6 through 6-9 clearly illustrate the failure of the proposed model
to describe the transport data when independently measured model parameters were used. The reasons for this
fatlure, which has been observed by other scientists, are not fully understood. A likely explanation is that the
proposed model does not completely account for all reaction mechanisms or the reaction components present
in the soil system. Specifically. the model may be an apparent rather than a complete mechanistic rate law. It
is conceivable that the strong dependence of rate coefficients on C.as obtained trom batch experiments. may
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Table 6-4. Best-fit model parameters for miscible displace-  also be due to additional mechanisms still
ment experiments for Qlivier, Cecil, and Windsor soils. ignored in the model. Invariant rate coef-
ficients with solution concentrations are

Puarameter Olivier Cecil Wirdsor . Lo
expected if a complete mechanistic rate law

K em' ¢ 1616 +0.1439 2614 £0.1747 15292+ 1.1123 is postulated. Amacheret al. (1988) consid-
h 0.799 £0.0224  0.513£0.0197 0418 £ 0.0187 ered the rate coefficients to be pseudo rate
k tr Y — 74061 £ 11,3769 2313 = 1L.1IY coefficients.

kot Y — 0498 £0,0421 (388 £ 0.2182 The dependence of BTC predictions on the
n — 0436202729 0.486 £ 0.1495 version of the model used to obtain the
ke — 1.334 £0.1162 — necessary rate coefficients was also exam-
K thr !y — 0.016 £ 0.00119 — ined, as depicted by the predictions shown
n — 0.455£0.0172 — in Figures 6-7 and 6-8 for Cecil soil. In
k thr Y — (L0156 £ 0.00551  0.0145 £ 0.00979 Figure 6-7, the predictions were obtained
” 0.973 0.931 0.955 using the three-parameter model version

(i.e.. k3 = k4 = (). whereas the BTCs in
Figure 6-8 were obtained using the five-parameter version (see Amacher et al. 1988). It is evident that the use
of these two different model versions resulted in different model predictions. as clearly illustrated by BTCs C
and D in Figures 6-7 and 6-8. This is not always the case, however. based on predictions of retention data from
the batch experiments as illustrated by Amacheret al. (1988). In fact, it was concluded that a number of model
variations can produce similar model predictions of the kinetic batch results. In addition. Skopp (1986), Nielsen
et al. (1986). and Selim and Amacher (1988) stated that use of alternative models to describe time-dependent
reactions may give similar predictions.

An excellent fit of a data set does not in itself constitute a proof of any specific retention—release reaction.
Therefore, no efforts were made in this study to examine the capabilities of different model variations based
on curve-fitting alone. Instead. we utilized our transport model along with the optimization (curve-fitting)
scheme totest its ability to describe the BTC from these soils without relying on parameter estimates from the
batch experiments. Our hypothesis here was that a model gives an inaccurate representation of the reaction
mechanism and should thus be discarded if it is completely incapable of describing experimental BTCs such
as those in Figures 6-6 through 6-9. The estimated parameter values that provided best fit of these BTCs are
given in Table 6-4. For all three soils, the goodness of fit as measured by 7~ exceeded 0.90 (see Table 6-4).

Despite the fact that the model was incapable of predicting the BTCs shownin Figures 6-6 through 6-9 except
by the use of curve-fitting procedures. some limited interpretations of the model description of the data and
associated parameters should be given. For Olivier soil the use of a nonlinear (Freundlich) equilibrium rather
than kinetic retention reactions provided excellent BTC prediction with no apparent need for irreversible (sink-
term) sorption from the soil solution. Less than 0.1% of applied Cr was irreversibly sorbed when batch k. values
were used in BTC predictions (e.g.. curves A, B. and C of Figure 6-6) and thus is in agreement with model
calculations based on curve-fitting only. For Cecil and Olivier soils. it was necessary to incorporate the
Freundlich equilibrium sorption in addition to kinetic-type reactions to obtain the best-fit BTCs shown. This
is manifested by the large Kd estimates obtained for these two soils. Equilibrium-type sorption—desorption
reactions were not incorporated in the multireaction model of Amacher et al. (1988). Most striking. based on
parameter estimates given in Table 6-4. is that the order of reactions (#. n, and m) obtained based on best-fit
predictions were essentially similar for each soil. Moreover, these estimated values were somewhat similar to
the order of reactions obtained from batch experiments. This is particularly true for Cecil soil and to a tesser
extent for Windsor and Olivier. This finding implies that one order of reaction may be capable of describing
all reversible retention—-release reactions and that it may be determined from data analysis of batch experiments.
In addition, mechanistic models, which require fewer parameters. are extremely desirable since fewer
measurements need to be performed to determine such parameters independently.
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Chapter 7. A Second-Order Two-Site Retention and Transport Model

In this chapter we present an analysis of a kinetic second-order approach for the description of heavy metals
retention mechanisms in the soil environment. This second-order approach will be incorporated into the non-
equilibrium two-site model to simulate the potential retention during transport of heavy metals in soils. In Chap-
ter § this approach will be extended to the diffusion-controlled mobile-immobile (or two-region) transport
model.

A main feature of the second-order two-site (SOTS) model proposed here is the assumption that there are
two types of retention sites on soil matrix surfaces and that the primary difference between them is based on
the rate of the proposed kinetic retention reactions. We also assume that the retention mechanisms are site-
specific, e.g., the sorbed phase on type 1 sites may be characteristically different (in energy of reaction or the
identity of the solute-site complex) from that on type 2 sites. An additional assumption is that the rate of solute
retention reaction is a function not only of the solute concentration present in the solution phase but of the
amount of available retention sites on matrix surfaces as well,

MODEL FORMULATION

Second-order kinetics

For simplicity, we denote s to represent the total retention capacity or the total amount of sites on matrix
surfaces. It is assumed that S is invariant with time. Therefore, based on the two-site approach, the total sites
consist of two types such that

=Sp 57, (7-1)

where Spyand s, are the total amount of type 1 sites and type 2 sites, respectively. If F represents the fraction

of type 1 sites to the total amount of sites, we thus have

Spp = Fst and Spp = (1-F) Sp- (7-2)

We now denote ¢ as the amount of unfilled or vacant sites in the soil such that

O, =55, =%, =Fs.-s (7-3)

Tl 1 T 1

0y =55y —3, = (1= F) s —s, (7-4)
where , and 9, are amounts of vacant sites and . 5 and s, are the amounts of solute retained (or the filled sites)
ontype | and type 2 sites, respectively. As the sites become filled oroccupied by the retained solute, the number
of vacant sites approaches zero, i.e. (¢, +9,)>0. In the meantime, the amount of solute retained by the soil
matrix approaches that of the total capacity (or maximum amount) of sites, (s, +35,) 25

We commonly express the amount of solute retained. such as 5| and 55 ofeq 7-3 and 7-4. as the mass of solute
per unit mass of soil (M/M soil). Therefore, based on the above formulations, the amount of total sites Spe Vg
and s, and vacant or unfilled sites ¢, and ¢, must also have similar dlmenslons Here the units used for s and
S will be in terms of milligrams of solute per kilogram soil mass (mg kg~ h,

We propose that the retention mechanisms follow a second-order kinetic-type reaction
where the forward process is controlled by the product of the solution concentration ¢ (mg L™") and the amount
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of unoccupied or unfilled sites (¢) (Selim and Amacher 1988). Specifically, the reactions for type [ and type
2 sites may be expressed by the reversible processes:

kl
Cro e (7-5)
kl
and
ks
<~+q>2 o8, (7-6)
k4

Therefore, the differential form of the kinetic equations of the rate of solute retention may be expressed as
pos/t=0k ¢ c-pkys fortypelsites (7-7)
and
pOIs/i=0 ky0,c—pkys, fortype2sites (7-8)

wherek and, (hr ') are the forward and backward rates of reaction fortype 1 sites, and ky and I\4 are the co-
emuems for Iype 2 reaction sites. respectively. In addition, © is the soil water content (cm cm™) and pis
the soil bulk density (gcm %). If¢| and ¢, are omitted from eq 7-8 and 7-9. the above equations yield two first-
order kinetic retention reactions (Lupidu§ and Amundson 1952). However, a major disadvantage of first-order
Kinetic reactions is that, as the concentration in solution increases, a maximum solute sorption is not attained,
which implies that the soil has an infinite sofute-retention capacity or that there is an infinite numberofexchange
sites on matrix surfaces. In contrast, the approach proposed here achieves maximum sorption when all unfilled
sites become occupied (i.e.. ¢, and ¢, = 0).

In a fashion similar to the nonequilibrium two-site concept proposed by Selim et al. (1976), type 1 sites may
be regarded as those where equilibrium is rapidly reached (i.e., in a few minutes or hours). In contrast, type 2
sites are highly kinetic and may require several days or months for apparent local equilibrium to be achieved.
Fortype 1 sites, therefore. rate coefficients k, and k., are expected to be several orders of magnitude larger than
k,and k, of the type 2 sites. Ast — . ie., when both sites achieve local equilibrium, eq 7-7 and 7-8 yield the
fol]owmg expressions. For type 1 sites,

@kl¢|(-—pk2s|=() as > oo (7-9a)
or

5,/(9,¢) = (Ok /pk,) = ®, a5 1o (7-9b)
and for type 2 sites

Ok 0,c-pkys,=0 as  t oo (7-10a)
or

s2/(<b2 ¢) = (®k3/pk4) =w, as e (7-10b)
Here o, and O, represent equilibrium constants for the retention reactions associated with type 1 and type 2
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sites, respectively. The formulations of eq 7-9 and 7-10 are analogous to expressions for homovalent ion-ex-
change equilibrium reactions. In this sense, equilibrium constants o, and , resemble the selectivity coef-
ficients for exchange reactions and s resembles the exchange capacity (CEC) of soil matrix surfaces (Sposito
1981). However, a major difference between ion exchange and the proposed second-order approach is that no
consideration for other competing ions in solution or matrix surfaces are incorporated in the rate of reactions.
Inastrict thermodynamic sense, the above equations should be expressed in terms of activities rather than con-
centrations. However, an implicit assumption is that solution-phase ion activity coefficients are constant in a
constant ionic strength medium. Moreover, the solid phase ion activity coefficients are assumed to be incor-
porated in the selectivity coefficients (o, and ®,) as in ion-exchange formulations (Sposito 1981).

Wenow considerthe case whereonly one type of active site is dominant in the soil system. Ina fashion similar
tothe formulations of eq 7-9 and 7-10, the kinetics of the reaction can be generalized by the following reversible
Langmuir equation:

pOs/dr=Okdc—pk,. (7-11)

Here k‘.und kb (hr"l ) are the forward and backward retention rate coefficients and s is the total amount of solute
retained by the soil matrix surfaces. Reaction 7-11 at equilibrium obeys the widely recognized Langmuir iso-
therm equation

s/ST = Kc/(1+Kc). (7-12)

where K = (G)kl./pkb) and K is equivalent to w of eq 7-9 and 7-10. For recent discussions on the formulation of
the Kinetic Langmuir equation see Rubin (1983) and Jennings and Kirkner (1984).

It should be recognized that the unfilled or vacant sites (¢) in eq 7-9. 7-10, and 7-11 are not really vacant.
They are occupied by hydrogen, hydroxyl, or other nonspecifically (e.g.. Na, Ca, chloride. nitrate) or specif-
ically (e.g., sulfate, phosphate, transition metals) adsorbed species. The terms vacant or unfilled mean vacant
or unfilled by the specific solute species of interest. The process of occupying a vacant site by a given solute
species actually is one of replacement or exchange of one species foranother. However, the simplifying assump-
tion on which this model is based is that the filling of sites by a particular solute species need not consider the
corresponding replacement of species already occupying the sites. The Langmuir-type approach considered
here (eq 7-8 through 7-11) is a specialized case of an ion exchange formulation. This was considered in detail
by Elprince and Sposito (1981). Alternatively, the competitive Langmuir approach may be used if the identities
of the replaced solute species are known (Jennings and Kirkner 1984, Jennings 1987).

Transport model
Incorporating the second-order two-site reactions into the classical (convection—dispersion) transport equa-
tion yields (Selim and Amacher 1988)

p Js /Ot + P 05,/0t + @ dc/or =@ D 9%¢/ox* = v dcfdx - Q. (7-13)

Heretheterm Qisa smk represenung the rate of irreversible heavy metal reactions by direct removal from the
soil solution (mg day cm™ ) In this model, the sink term was expressed in terms of a first-order irreversible
reaction for reductive sorption or precipitation or internal diffusion as outlined by Amacheretal. (1986, 1988):

Q=0kc. (7-14)

where k_is the rate constant for irreversible reaction (hr'). Eq 7-14 is similar to that for diffusion-controlled
precipitation reaction if one assumes that the equilibrium concentration for precipitation is negligible and that
k_is related to the diffusion coefficient (Stumm and Morgan 1981).

For convenience, we define the dimensionless variables

=x/L, (7-1%




T =v1/LO, (7-16)

c=dl, (7-17)
S = /sy (7-18)
@ =0/s,. (7-19)
P=1L/D ©. (7-20)

where Tisdimensionless tim» .jui alent to the number of pore volumes leached through a soil column of length
L, and P is the Peclet number (Brenner 1962). Given the above variables, eq 7-13, 7-7, and 7-8 are rewritten
in dimensionless form, respectively, as (Selim and Amacher 1988)

Q [9S,/0T +3S,/0T] + AC/AT = (1/P) 9*C/aX* ~ IC/IX ~ k C (7-21)
ST =%, ®, C-x,S, (7-22)
3S,/0T =k, ®,C-x, S, (7-23)
where
Q=sp/C_0, (7-24)
K =k OL/v, (1-25)
=k &CLpy and  x,=k©CLipv. (7-26)
K, =k,OLlv and  x,=k©L/W. (7-27)

Here, KoK Ky Ky, and x, are dimensionless kinetic rate coefficients that incorporate vand L. As will be shown
under Transport below, these dimensionless variables (including €2, C, S, and ®) represent a convenient way
to study the sensitivity of the model to reduced variables.

For simulation and model evaluation, the appropriate initial and boundary conditions associated with eq 7-
21 through 7-23 were as follows. We chose uniform initial solute concentration C , In a finite soil column of
length L such that,

Cc=C (T=0,0<X<1) (7-28)

We also assume that an input solute solution pulse with a (dimensionless) concentration C , Was applied at
the soil surface for a (dimensionless) time T_and was then followed by a solute-free solution. As a result, at
the soil surface the following third type boundary conditions were used (Selim and Mansell 1976, Parker and
van Genuchten 1984).

1=C-(1/P) dC/oX, (X=0.T<Tp) (7-29)
0=C-(1/P) oC/IX, X=0,T> T) (7-30)

and at x = L, we have
dC/dX =0 X=1,T>0). (7-31)

The differential equations of the SOTS model are of the nonlinear type, and analytical solutions are not avail-
able. Therefore,eq7-21 through 7-23 were solved numerically using finite difference approximations (explicit—
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implicit) subject to the above initial und boundary conditions. The numerical solution was compared to results
obtained using a closed-form solution for linear type problems. For all cases considered. a mass balance was
maintained as a check on the numerical results. Differences between calculated mass and the input for a solute
pulse input were not allowed to exceed 3% . The resulting numerical scheme is documented in the SOTS model
program, which is written in Fortran.

Briefly, the convection—dispersion equation znd the second-order two-site retention equations were ex-
pressed in their finite difference approximation forms. Upon rearrangement and incorporation of the initial and
boundary conditions (intheir finite difference forms), a solution is achieved. Details of the numerical procedure
and the step-by-step derivation of the solution are similar to those given in Chapter 3 for the multireaction and
transport model (MRTM). The SOTS model was solved in a sequential manner where a solution is obtained for
each time step until the desired time for simulation is attained.

To improve the accuracy of the approximate solution, a simple iteration scheme was incorporated in the
SOTS model. The number of iterations desired must be provided by the user. No criteria are given here for the
optimum number of iterations; rather a mass balance was performed (input vs output) as acheck on the accuracy
of the numerical solution. The user is free to adjust the number of iterations based on mass balance calculations
or the convergence and stability of the numerical solution. If no iteration is desired. he may utilize the default
value or specify the number of iterations to be zero in the input data section of the model.

SENSITIVITY ANALYSIS

Reaction kinetics

Several simulations were performed to illustrate the kinetic behavior of solute retention as governed by the
proposed second-order reaction. We assumed a no-flow condition to describe the time-dependent batch
(sorption— desorption) experiments. The problem becomes an initial-value problem where closed-form solu-
tions are available. The retention results shown in Figure 7-1 illustrate the influence of the rate coefficients (k|
and £,) on the shape of the sorption isotherm (¢ vs 5). The parameters chosen were those of 4 soil initially devoid
of solute (('i =y, = 0 at = 0) and a soil-to-solution ratio (p/©) of 1:10, which is commonly used in batch ex-
periments. Since the amount sorbed, s, was assumed to be zero initially, larger values for k,than k were se-
lected in our simulations to induce backward (desorption) reactions.

As shown in Figure 7-1, after 2 days of reaction, isotherm A (kl =0.01 duy_l . k2 =0.1 day"l 'appears closer

T I ] I I I I
Equilibrium
100—
80
g
> 60
E
@
40§
ky = 0.0001 day ! c
20 ko= 0.001 N
Time = 2 days
0 L | | | l |
0 20 40 60 80 100 120 140 160

c.mgl !
Figure 7-1. Effect of rate coefficients on sorption isotherms using the second-
order kinetic model.
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to the equilibrium isotherm than the other cases shown. 200
The equilibrium case was calculated using eq 7-9 and 7= 200 mg kg !
represents an isotherm at r — oo and/or for a soil having
values of & and £,, which are extremely large. Iso-
therms B and C represent cases where both &, and £, 160
values were reduced in comparison to those for iso-
therm A, by one and two orders of magnitudes respec-
tively. Forboth cases. the isotherms deviate a great deal
from the equilibrium case. It is apparent from curve C
that 2 days of reaction is insufficient, and a sorption
maximum is not apparent from the shape of the iso-
therm. Moreover, it may be possible to consider a 80
linear-type isotherm for the concentration range shown.
However, as much as 100 days or more of reaction time
is necessary to achieve c'oser equilibrium conditions. sy =50
This is illustrated in Figure 7-2, which shows the influ- 40 —
ence of time of reaction using the second-order model. ky=0.001 day -!

The influence of the sorption maxima (sp)on the k= 0.01

. . - Time = 10 days

retention isotherms is shown in Figure 7-3. The para-
meters selected were similar to those of Figure 7-2 0 0 2|0 410 610 % 100
except that a contact time of 10 days was chosen. As c,mglL”"
expected, the isotherms reached their respective max-
imaatlower ¢ values with decreasing s1- The results of
Figure 7-3 alsoindicate a steep gradient of the retention
isotherms in the low concentration range. Such areten-
tion behavior has been observed by several scientists for a number of reactive solutes. The simulations also
illustrate clearly the influence of the sorption maxima on the overall shape of the isotherms. The influence of
other parameters such as F, k3, and &, on retention kinetics can be easily deduced and is thus not shown.

120

st =100

s, mgkg!

Figure 7-3. Efject of total amount of sites ( spJon the
shape of sorpti. nisotherms using the second-order
kinetic model.

Transport
Figures 7-4 through 7-6 are selected simulations that illustrate the transport of a reactive solute with the
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second-order two-site (SOTS) model as the governing retention mechanism. The parameters selected for the
sensitivity analysis werep=1.25¢g em™. @=04em’em™. L =10cm. ¢,=0.c =10mg L. F=0.50.and
sp=200mg kg‘l. Here we assumed a solute pulse was applied to a fully water-saturated soil column initially
devoid of a particular heavy metal of interest. In addition. a steady water flow velocity (1) was maintained
constant with a Peclet number P (= vL/@D) of 25. The length of the pulse was assumed to be 3 pore volumes.
which was then followed by several pore volumes of a heavy-metal-free solution. The rate coefficients selected
were 0.01,0.1.0.001. and 0.01 day_l for k. k,. k. and k. respectively. As a result, the equilibrium constants
©, and o, for type | and 2 sites, respectively, were identical.

Figure 7-4 shows breakthrough curves (BTCs) that represent the relative effluent concentration (C/C RAS
effluent pore volume (V/V' ) for several pulse input concentrations (C ,3)- The shape of the BTC:s is influenced
by the input solute concentration and is due to the nonlinearity of the proposed second-order retention mech-
anism. The simulated results also indicate that for high C, values the BTCs appear less retarded and have sharp
gradients of the desorption (orright) side. In contrast, for low C , Values the general shape of the BTCs appears

1.0 —
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Figure 7-4. Efflucnt concentration distributions for different initial concentrations ( c,)
using the second-order nwo-site (SOTS) model.
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Figure 7-5. Effluent concentration distributions for different Sy values using the SOTS
model.
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Figure 7-6. Effluent concentration distributions for different flux (v) values using the
SOTS model.

to be kinetic. Specifically. as C0 decreases, adecrease in maximum or peak concentrations and extensive tailing
of the desorption side of the BTCs can be observed. The influence of the total amount of (active) sites (sp)on
the BTCs is clearly illustrated by the cases given in Figure 7-5. Here the value of C | was chosen constanl (C0
=10mg L™"). The BTCs show that an order of magnitude increase in St {from 50 to 500 mg kg™ Y resulted in
an approximately 3-pore-volume shift in peak concentration. In addmon for high s values extensive tailing
as well as an overall decrease of effluent concentrations (C/C ) was observed.

The influence of the tlow velocity (v) on the shape of the BTC is somewhat similar to that of the rate coef-
ticients for retention, provided that the Peclet number remains constant. This is illustrated by the simulations
shown in Figure 7-6 for a wide range of flow velocities. Forv =40cm day_l . the retention reactions associated
with type 1 sites were not only dominant but also closer to local equilibrium than those for type 2 sites (results
not shown). This is a direct consequence of the limited solute residence time encountered when the fluid flow
velocity is exceedingly high. Type 2 sites that may be considered highly Kinetic were so far removed from equi-
librium that only a limited amount of solute was retained from the soil solution. Under such conditions, the
amount of available sites (6,) remdms high and the retention capacity of the soil matrix is therefore not achieved.
Infact,curve A(y=40cm ddy 1 describes closely a one-site retention mechanism, as indicated by the low re-
tardation and lack of tailing of the desorption side. As the flow velocity decreases, the solute residence time in-
creases and more time is available for the highly kinetic type 2 sites toretain solute species from the soil solution.
In addition, for extremely small velocities (v — 0) the BTC should indicate maximum solute retention during
transport. This probably 1esembles the BTCs of curve E, which indicates the highest solute retardation shown.
For intermediate velocities, however, the BTCs of B, C, and D indicate relatively moderate degrees of retard-
ation as well as tailing that is indicative of kinetic retention mechanisms.

Inthe BTCs shownin Figures 7-4 through 7-6. the irreversible retention mechanism for heavy metal removal
(via the sink term) was ignored. The influence of the irreversible kinetic reaction (e.g., precipitation) is a
straightforward one, as shown in Figure 7-7. This is manifested by the lowering of solute concentration for the
overall BTC for increasing values of k.. Since a first-order reaction was assumed, the lowering of the BTC is
proportional to the solution concentration.

In previous BTCs, the sensitivity of model predictions (output) of the second-order approach to selected
parameters was discussed. It is convenient, however, to carry out model sensitivity using dimensionless para-
meters such as those defined by eq 7-15 to 7-20. Dimensionless parameters offer a distinct advantage over con-
ventional parameters since they provide a wide range of application as well as further insight into the predictive
behavior of the model. Figures 7-8 through 7- 10 are simulations that illustrate the transport of a reactive solute

T
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Figure 7-7. Effluent concentration distributions for values of the irreversible rate co-
efficient (K ) using the SOTS model.
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Figure 7-8. Effluent concentration distributions for different values of parameter Q of the
SOTS model.

with the SOTS model for selected dimensionless parameters. Unless otherwise indicated, the values for dimen-
sionless parameters €Q, KKy Ky K F, K.P.andT were 5.1,1.0.1.0.1,0,0.5.25. and |, respectively. Figure
7-8 shows breakthrough curves (BTCs) of a reactive solute for several values of Q. The figure indicates that
the shape of the BTCs is influenced drastically by the value of Q. This is largely due to the nonlinearity of the
proposed second-order retention mechanism. As given by eq 7-24, Q represents the ratio of total sites (sp)to
input (pulse) solute concentration (C,). Therefore. for small Qs (e.g., Q=0.1), the simulated BTC is very similar
to that for a nonretarded solute, due to the limited amount of sites (ST) in comparison to Co. In contrast, large
values of Q resulted in BTCs that indicate increased retention as manifested by the rightward shift of the peak
concentration of the BTCs. In addition. for high Qs, extensive tailing as well as an overall decrease of effluent
concentration was observed.

The effect of the dimensionless reaction rate coefficients (K. %,. K. and ) of the two-site model on solute
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Figure 7-9. Effluent concentration distributions for different values of rate cocefficients
(K. Ky K,oand X ) using the SOTS model.
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Figure 7-10. Effluent concentration distributions for different values of the fraction of
sites F using the SOTS maodel.

retention and transport is illustrated by the BTCs of Figure 7-9 where a range of rate coefficients differing by
three orders of magnitude was chosen. For the BTCs shown, the rate coefficients for type 2 sites were chosen
to be one order of magnitude smaller than those associated with type 1 sites. These BTCs indicate that, depend-
ing on the values of K Ky Ky and K, two extreme cases can be illustrated. For large « values, rapid sorption—
desorption reactions occurred for both type 1 and type 2 sites. Rapid reactions indicate that the retention process
is less kinetic and the BTCs can approximate local equilibrium conditions in a relatively short contact time
(curves C and D). In contrast, for extremely small x values (or short residence time), little retention takes place
and the shape of the BTC resembles that for anonreactive solute (curve A). The behavior of all illustrated BTCs
is consistent with those for first-order kinetic and for two-site nonlinear equilibrium—kinetic reactions. Figure
7-10 shows BTCs for several values of the fraction of sites parameter F. There are similar features between the
BTCs of Figures 7-8 and 7-9 and those illustrated here. For F = 1, all the sites are type | sites, which we desig-
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nated earlier as those sites of strong Kinetic influence due to their lurge values of k| and x,. As the contribution
of type 2 sites increases (or F decreases), the shapes of the BTCs become increasingly less kinetic with signif-
icant decreases in amounts of solute retention.

SOTS COMPUTER PROGRAM

The computer code for the SOTS model is written in Fortran. Two versions are available: one is for use with
mainframe computers and the other with personal computers. The input and output variables used in the SOTS
model are given in Tables 7-1 and 7-2, respectively. The input data required for the SOTS model is given at the
end of the code for the mainframe version. The appropriate values of model parameters must be provided by
the user in the input data section before the mainframe version is run.

A listing of the Fortran code for the PC version of the SOTS model (SOTSPC) is given in Appendix C. The
PC version allows the user to choose to enter the required model parameters in one of two ways: interactively
through the keyboard or by providing the name of an existing file that contains the input data. An example of
an input data file to be used with the PC version (SOTSPC.DAT) is included in Appendix C. The input para-
meters listed were used for the sensitivity analysis presented in Figure 7-8. The PC version of SOTS was com-
piled using a Fortran compiler. which results in an executable file (SOTSPC.EXE).

To use the compiled PC version of the SOTS model, the user need only type SOTSPC to run the program.
You will then be prompted for the nume and destination of an output file where all model calculations will be
stored. If you choose to provide the input data interactively. you will also be prompted to enter the appropriate
input parameters in the order ¢iven in the data file. For convenience, default values for soil parameters and
reaction rate coefficients are included. For any parameter, the default value will be used if the user does not pro-

Table 7-1. List of input parameters required for the SOTS model.

Curd  Column Variahle
nimber _number  Format name Definition
! 1-80 20A4 USER User s name or any other information (optional )
1i 1-80 20A4 SOIL Soil name or any other information (optional)
m 1-80 20A4 SOLUTE  Solute species or other information (optional)
VI 1-80 20A4 DATE Date.experiment number, or any other information {optional )
1 51-70 E20.6 TH Soil moisture content (8), em* em *
2 51-70 E206  ROU Soil bulk density (p), g cm
3 51-70 E20.6 COL Thickness of the seil profile (L).cm
4 51-70 E20.6 WFLX Water flux (v),cm hr !
5 51-70 E20.6 Cl Initial solute concentration in soil solution (C). mg L :
6 51-70 E20.6 (& Concentration of applied solution (C).mg L !
7 51-70 E20.6 D Dispersirn coctticient (D), cm*hr!
8§ 51-70 E20.6 ST Total sorption sites (x,). mg ky !
9 51-70 E20.6 F Fraction of type 1 sites to total sites (F), dimensionless
10 51-70 E20.6 K1 Forward rate cocfficient for type | sites (k). br !
1 51-70 E20.6 K2 Backward rate cocfficicnt for type ! sites (k,), h !
12 k] B E20.6 K3 Forward rate cocfficicnt for type 2 sites (k‘)-.' he !
13 51-70 E20.6 K4 Back. ard rate cocfficient for type 2 sites (&), hr !
14 51-70 E20.6 KS Irreversible rate coefficient (A ). hr !
15 51-53 13 IT Number of iterations (1)

16 51-70 E20.6 TPULSE Duration of pulse (Ip). hr

17 51-70 E20.6 TTOTAL  Total simulation, hr

18 51-70 E20.6 TPRINT Time interval for printout, hr

19 51-70 E20.6 DX Inittal guess for the depth increment (Av). cm
20 51-70 E20).6 DT Initial guess for the time step (An, br
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Table 7-2. List of output variables used in the SOTS model.

Variable Definition Units
TIME Simulation time hr

V/vVO Pore volumes of effluent (V71 ) dimensionless
C/CO Relative concentration in effluent solution (C/C o) dimensionless
X Soit depth (x) cm

C Solute concentration (¢) mgL™!
KAPPA] Rate coefficient () dimensionless
KAPPA2  Rate coefficient (x,) dimensionless
KAPPA3 Rate coefficient (K';) dimensionless
KAPPA4 Rate coefficient (k) dimensionless
OMEGA Total sorption () dimensionless
PE Peclet number (P) dimensionless
| Amount of solutes (s, mg kg™

S2 Amount of solutes (s,, mgkg™!

SC1 Amount of vacant sites ) mgkg™!

SC1 Amount of vacant sites (9,,) mgkg™!

SIR Amount ol”sirr ) mg kg™
SINP Total amount of applied solute (input pulse) perunitarea mg cm™
TSWATR  Total amount of solute in soil solution in soil profile mg cm™

TS!1 Total amount sorbed in kinetic phase (s)) in soil profile  mg em™

TS2 Total amount sorbed in kinetic phase (s,) mg em™
TSIR Total amount sorbed in irreversible pha-sc (5, mg cm™
TEFFL Total amount in effluent mgem™2
BAL Mass balance of solute %o

vide an entry. The czfault values represent average values of soil properties and the rate coefficients; they were
taken from Selim and Amacher (1988). A sample output using the PC version of the SOTS model for the selected
input parameters given by SOTSPC.DAT is included in Appendix C.

If you make a mistake in entering an input value, we recommend that you terminate the program and run the
model again by typing SOTSPC.

The computer codes for the mainframe and PC versions do not require modification to run the SOTS model.
Although the Fortran code can be modified, this is discouraged unless the modifications are made by an exper-
ienced user.

The most commonly encountered modifications are made to the DIMENSION statements. As written, the
program code prescribes an array size of 500 for all declared variables (¢, s . 5,. etc.). This represents the number
of nodal points along the soil profile N where N = Av/L. The size of incremental step Ax also depends on the
value of flux v and dispersion coefficient D, which must satisfy the stability and convergence criteria (Pinder
and Gray 1977) for the numerical solution of the finite-difference form of the convection—dispersion iransport
equation. Upward adjustments of the array size may be necessary for large values of v or L.

Additional modifications of the computer code are only necessary if additional reactions or other changes
in the model configuration must be incorporated. Otherwise, the rest of the code should not be changed.
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Chapter 8. A Second-Order Mobile-Immobile Retention and Transport Model

InChapter 7. the second-order reactions associated with type 1 and 2 sites were considered as Lineticully con-
trolled, heterogeneous. chemical retention reactions (Rubin 1983). One canassume that these processes are pre-
dominantly controlled by surface reactions of adsorption and exchange. In this sense. the SOTS model is along
the same lines as the earlier two-site model of Selim et al. ({1976) and Cameron and Klute (1977). Another type
of two-site model is thatof Villermaux (1974), which is capable of describing breakthrough curves (BTCs) from
chromatography columns with two concentration maxima.

In this chapter, we invoke the second-order concept in a different manner. We consider that retention is con-
trolled by two types of reactions: namely a chemically controlled heterogeneous reaction and a physically con-
trolled reaction (Rubin 1983). In ouranalysis we will consider the chemically controlled heterogeneous reaction
to be governed according to the second-order approach. In the meantime, the physically controlled reaction will
be described by diffusion or mass transfer of the mobile-immobile concept (Coats and Smith 1964, van
Genuchten and Wierenga 1976). To utilize this concept, we assume @™ (cm® cm’}) as the mobile water content
thatis present inside large (inter-aggregate) pores where solute transport occurs by convection and dispersion.
The immobile water ©™ (cm® cm™)is located inside aggregate pores (intra-aggregate ) where the solute transfer
oceurs by diffusicn only. ¢ and ¢ (mg L™*) are heavy metal concentrations in the mobile and immobile phases.
respectively. In addition, the soil matrix is assumed to be divided into two regions or sites, namely a dynamic
oreasily accessible region and a less accessible region. The dynamic region is located close to the mobile water
phase, while the stagnant region is in contact with the immobile phase. Additional details on the assumptions
of the mobile~immobile (or two-region) approach are given in Coats and Smith (1964) and van Genuchten und
Wierenga (1976). It should also be mentioned here that analogies between the mobile-immobile concept and
the two-site approach can be made. One may regard the dynamic and stagnant regions for solute retention
analogous totype 1 and 2 sites of the two-site concept. Nkedi-Kizzaetal. (192%) presented a detailed discussion
on the equivalence of the mobile—immobile and the equilibrium—kinetic two-site models.

MODEL FORMULATION

The form of the transport equation for the mobile—immobile water concept can be written as (van Genuchten
and Wierenga 1976)

G')“” é)(,””/ t+ p (1 _/le) all'l/a[ + @Nl a(.l)l/(‘), + pjvlll r‘)slll/(')’

~

= @" D" PN ~ v I fox - Q™ (8-1)

. . . . _— RS I . . . . .
where D™ is the hydrodynamic dispersion coetticient (cm™ hr ' in the mobile water region. pis soil bulk density
(gem ), vis distance in the soil profile (¢cm), and ris time (hr). The associated transfer equation governing the
interaction between solute in the mobile and immobile phases is

QM (—)(,un/{-), +pl | _fm) E).\'””/!)l — (l.(("" _ (.im) _ le. (8-2)

where ¢ is the mass transfer coefficient (hr ') between the mobile and immobile phases. In addition, s and s
(mgkg ') are the sorbed amounts in the dynamic and stagnant regions, respectively. Ineq ¥-1 and 8-2. the term
£ (dimensionless) denotes the fraction of dynamic or active sites to the total sites s mg kg Y. This term is
analogous 10 F of the two-site model described in the previous chapter.

In this model the terms dy”'/or and os""'/at represent the rates of reversible heavy metal reactions between
« insoil solution and that present on matrix surfaces in the mobile (or dynamic) and the immobile regions, re-
spectively. Marcover, irreversible reaction of heavy metals was incorporated in this model, as may be seen by
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the inclusion of the sink terms Q" and Q™ (mg cm™ hr ™'y in eq -1 and 8-2, respectively. We assumed that
irreversible retention or removal from solution will occur separately in the mobile and immobile water regions.
However, the governing mechanism of retention for each region was assumed to follow first-order type reac-
tions. Specifically, we propose that irreversible retention for the mobiie and immobile regions be considered
in our transport modet as follows:

Qm @ln M (8-3)
Qinz - Gim k‘ (,im (8-4)

where L isthe irreversible rate coefficient (hr™ ) The above formulations for the sink terms have not been seen
elsewhere in the literature and were first proposed by Selim and Amacher (1988). Since soil matrix surfaces may
behave in a separate manner to heavy metal retention, it is conceivable that the rate of irreversible reactions in
the mobile region could be characteristically different from that for the mobile region. One way to achieve this
is to distinguish between the rate coefficient (£ ) controlling the reaction for the two regions. e.g..& " and k_ im
in eq 8-3 and 8-4. respectively. Sucha dxxtmcuon in reaction coefficients was not incorporated in our nmde'
and a single parameter k_ was thus used.

The retention mechamsm associated with the mobile and immobile phases of eq 8- 1 and §-2 was considered
as an equilibrium linear sorption (van Genuchten and Wierenga 1976) and was extended to the nonlinear or
Freundlich type by Rao et al. (1979). Recently, multiple-ion retention expressed on the basis of ion-exchange
equilibrium reactions was successfully incorporated into the mobile—immobile model (van Eijkeren and Loch
1984, Selim et al. 1987). Here, we consider reversible solute reactions to be governed by our second-order
Kinetic approach. Specifically, the rate of reaction for s and s™ were considered as (Selim and Amacher 1988)

p asm/a, = @I”I\" q)m (,In -p k., § (8-5)
p a‘\'””/al - eimkl ¢)im (.im -p k2 Si'” (8-6)
where k and k, are the forward and back ward rate coefficients (hr™!). respectively. Here ¢ and ¢"" represent

the vacant or unfilled sites (mgkg™ h within the dynamic and the stagnant regions, respectively. [naddition. the
terms ¢ and ¢"” can be expressed as

ne_ooom_m_pem . m _
O =xp —sT = e (8-7)

ine _dme_im _ ey dm _
o] =55 sST=(—f )'ST s (8-8)
where Spdp ", and ‘1"“ are the total amount oflhe sites in the soil matrix, total sites in the dynamic region, and

the total in the less accessible region (mg kg™ h. respectively. These terms are related by

Sp=sp o+ .s‘T"” =f"s T+ (= M St (8-9)
The unfilled sites ¢” and ¢"" are analogous to ¢, and ¢, of the second-order two-site concept described in the
previous chapter. We also consider s1. Which represents the total amount of filled anu unfiiled sites. to remain
time invariant.

Animportant feature of the second-order retention approach (eq 8-5 and 8-6) is that similar reaction rate coef-
ficients (k, and k ,) associated with the dynamic and stagnant regions were chosen. Itis assumed that the reten-
tion mechamsm is equally valid for the two regions of the porous media. A similar assumption was made by
van Genuchten and Wierenga (1976) for equilibrium linear and Freundlich-type reactions and by Selim et al.
(1987) for selectivity coefficients for homovalent ion-exchange reactions. Specifically, as 1 — oo_that is. when
both the dynamic (or active) sites and the sites in the stagnant region achicve locai equilibrium, eq 8-5 and
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8-6 yield the following expressions. For the active sites associated with the mobile region,

G)'"kI 0" c’"—pk2 s"=0 as oo (8-10)
or

STHY™ My = (CHNINELN as  t— oo (8-11)
and for the sites associated with the immobile region we have

O k ¢ M~ p ky 5™ =0 as  t—yoo (8-12)
or

Sil)l/(¢fnl (,i/n) - (eimkl/pkz) — 0)2 as ! —3 00 (8-13)

Here o, and ®, represent equilibrium constants for the retention reactions associated with the mobile and immo-
bile regions, respectively. The formulations of eq 8-10 through 8-13 are analogous to expressions derived for
the SOTS model. In this sense, the equilibrium constants ®, and o, resemble the Langmuir coefficients with
s1as the maximum sorption capacity (Selim and Amacher 1988). They are also analogous to the selectivity coef-
ficients associated with ion exchange reaction reactions (Selim et al. 1987).

The dimensionless forms of eq 8-1. 8-2, 8-5, and 8-6 are

Q11" aS™/OT + Qf ™ 0S™/0T + (1-u) dC™/IT + . oC™ /0T

= (W/P™) 3* C"/OX* ~ 3" IOX ~ p x O (8-14)
AC™T + Q1= ™)/(1-p)] 98 ™/AT = (@) (C" - ™) —x C™ (8-15)
9S"oT =p x, ®" c™- K, $” (8-16)
IS™AT = (1-w) x| B C™ — xc, 5™ (8-17)

where
cn=cmC,  Cm=d"C, (8-18)
™ = "S5, S = s™S L, B = ¢S " = ¢S, (8-19)
P™ =\L/D™O. (8-20)
= GLA(141), (8-21)
w=0"me, (8-22)
X = /L. (8-23)
T=w/OL. (8-24)

where T'is dimensionless time equivalent to the number of pore volumes leached through a soil columnoflength
L, and P™ is the Peclet number (Brenner 1962). In addition, we have defined
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Q=S.p/C_®, (8-25)

K =k OL/v. (8-26)
2 :

k, =k, ©°C Lipv. (8-27)

K, = k,OL/v. (8-28)

Here, x, x,. and K, are dimensionless kinetic rate coefficients that incorporate v and L. In addition, the initial
and boundary conditions were similar to those outlined in Chapter 7 (eq 7-28 through 7-31) and are identical
to those of van Genuchten and Wierenga (1976).

Initial and boundary conditions
The corresponding initial and boundary conditions associated with the SOMIM can be expressed as

M=M= (t=0.0<x<L) (8-29)
=g, (t=0,0<x<L) (8-30)
v =vs"-@" D" MO (v=0.r<r) (8-31)
0=vc"-0" D™ ™ Ix (x=0,1> t) (8-32)
Ac™dx (x=L.1<0). (8-33)

These conditions are similar to those described earlier for the transport of a solute pulse (input) in a uniform
soil having a finite length L where a steady water flux v was maintained constant. The soil column is considered
to have uniform retention properties as well as uniform p and ®. We further assume that there is equilibrium
between the solute present in the soil solution of the mobile water (i.e., interaggregate) phase and that present
inthe immobile (or intra-aggregate ) phase. This necessary condition is expressed by eq 8-29 and 8-30. Uniform
initial conditions were assumed along the soil column. However, the user can incorporate nonuniform dis-
tribution by providing the spatial distribution in ¢™. ¢, 5", and s"™ and including them in the initial condition
section of the computer code. We assume that an input heavy metal solution pulse with a concentration C , was
applied at the soil surface for time duration a and was then followed by a solute-free solution. As a result, at
the soil surface, the third-type boundary conditions were those of eq 8-31 and 8-32. In a dimensionless form,
the boundary conditions can be expressed as

1=C"-(1/P"yoC™ 10X, (X=0,T< Tp) (8-34)

0=C"-(1/P")aC™[0X, (X=0.T> Tp) (8-35)
and at x = L we have

aC"dX =0 X=1LT>0) (8-36)

where T _is the dimensionless time of the input pulse duration of the applied solute and represents the amount
of applied pore volumes of input solution.

Numerical solutions
The differential equations associated with the second-order mobile—immobile model subject to the initial and
boundary conditions described above were solved using numerical approximation. The finite-difference ex-
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plicit—implicit method (Remson al. 1971, Pinderand Gray 1977) was used. Finite-difference solutions provide
distributions of the dependent variables (e.g.. solution and sorbed phase concentrations) at incremental dis-
tances Av and time steps At as desired. In a finite difference form a variable such as C is expressed as

Cor)y=C(i Ax, jAr) (8-37)
where i=1,2,3,...N and j=1,2,3,... (8-38)
r=1iAx, and r=jAr (8-39)

where N is the number of incremental distances in the soil (N = L/Av). For simplicity, the concentration C(x.t)
may be abbreviated as

Cn=C,, (8-40)

where subscript / denntes incremental distance in the soil and superscript j denotes the time step. We assume
that the concentration distribution at all incremental distances (Ax) is known for time j. We seek to obtain a
numerical approximation of the concentration distribution at time j+ 1, j+2, and so on. The convection—dispersion
equation along with the retention equations for reversible and irreversible reactions must first be expressed in
their finite difference approximation forms. Upon rearrangement and incorporation of the initial and boundary
conditions (in their finite difference forms), a solution is achieved. Details of the numerical scheme and the step-
by-stepderivation of the solution are provided in Chapter 3 and are similarto those of Selim and Iskandar (1980)
for nitrogen transport.

The second-order mobile—immobile (SOMIM) model is solved in a sequential manner. Specifically, a solu-
tion is obtained for each time step until the desired time for simulation is attained. It should be emphasized here
that the number of iterations, which are incorporated into the model to improve the accuracy of the solution at
every time step, for the above calculations must be provided by the user. No criteria are given here for the opti-
mum number of iterations, rather a mass balance was performed (input vs output) as a check on the accuracy
of the numerical solution. Therefore, the user is free to adjust the number of iterations based on mass balance
calculations or other criteria as desired.

SENSITIVITY ANALYSIS

Figures 8-1 through 8-5 are examples of simulated breakthrough curves (BTCs) to illustrate the sensitivity
of the proposed second-order reaction, when incorporated into the mobile—immobile concept, to various model
parameters. As shown, several features of the mobile—-immobile concept dominate the behavior of solute
transport and thus the shape of the simulated BTCs. For this reason we restrict our discussion to the influence
of parameters pertaining to the proposed second-order mechanism. Specifically, the influence of k, and k, (or
K, and K,) and @ on solute retention were examined. Other parameters, such as D™ and v, have been rigorously
examined in earlier studies (Coats and Smith 1964, van Genuchien and Wierenga 1976).

For the simulations shown in Figures 8-1 to 8-5, initial conditions, volume of input pulse, and model para-
meters were identical to those used for the SOTS model, where ¢, = 5, = 0 within the mobile and immobile re-
gions. S?eciﬂcally, the parameters chosen were L=10cm, D™ =1cm®hr”', p=12gem™>. " =0.50.0 =
0.40cm’cm™, u=0"/0=0.5.¢_=100mgL™" 5. =200mg hr™', anda Peclet number P" = 25. Unless other-
wise stated, the values selected for dimensionless parameters K Ky K Q. and o used were 1, 1,0, 5,and 1,
respectively. We assumed a solute pulse was applied to a fully water-saturated soil column initially devoid of
a particular heavy metal of interest. In addition, a steady water flow velocity (v) was maintained constant with
a Peclet number P of 25. The length of the pulse was assumed to be 3 pore volumes, which was then followed
by several pore volumes of a heavy-metal-free solution.
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Figure 8-1. Effluent concentration distributions for different values of ; and K,
using the SOMIM.
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Figure 8-2. Effluent concentration distributions for different values of
parameter @ using the SOMIM . Values of x / and K, are also shown.

The influence of the reaction raie coefficients on the shape of the BTCs is illustrated in Figure 8-1. Here the
values of x and x, were varied simultaneously. provided that x /%, (and @, and w,) remained invariant. For
the nonreacuve case (K, =K, = = 0), the highest effluent peak concemr.mon and least tailing was observed. As
the rate of reactions mcreased simultaneously, solute peak concentrations decreased and excessive tailing of
the BTCs was observed. However, the arrival time or the location of peak concentration was not influenced by
increasing the rates of reactions.

The effect of increasing values of equilibrium constant o, which represents the ratio of X /x, (see eq 7-9b,
7-10b, 7-26, and 7-27). on the shape of the BTCs is shown in Figure 8-2. Here a constant value of 1 was chosen
for Ky K, was allowed to vary. For all BTCs shown in Figure 8-2, the values of o, and @, were equal (since
1 =0.5), so we refer simply to w rather than , and ,. The results indicate that as the forward rate of reaction
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Figure 8-3. Effluent concentration distributions for different values of the dimen-
sionless mass transfer parameter @ of the SOMIM.

Figure 8-4. Effluent concentration distributions for different values of parameter Q of the
SOMIM.

(x,) increased, there was an increase in solute retardation or a rightward shift of the BTCs. This shift was accom-
panied by an increase in solute retention (i.e., a decrease of the amount of solute in the effluent, based on the
area under the curve) and a lowering of peak concentrations. Similar behavior was observed for the influence
of the dimensionless transfer coefficient (a) on the shape of the BTCs, as may be seen in Figure 8-3. For very
large values of o (>2), the diffusion between the mobile and immobile phases became more rapid. Therefore,
equilibrium between the two phases is nearly attained (Valocchi 1985).

Figure 8-4 shows breakthrough curves (BTCs) of a reactive solute for several values of Q. The figure indi-
cates that the shape of the BTCs is influenced drastically by the value of Q. This is largely due to the nonlinearity
of the proposed second-order retention mechanism. As given by eq 8-25, Q represents the ratio of total sites (ST)
to input (pulse) solute concentration (Co). Therefore, for small Qs (e.g.. = 0.1), the simulated BTC is very
similar to that for a nonretarded solute, due to the limited amount of sites (ST) in comparisonto C - Incontrast,
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Figure 8-5. Effluent concentration distributions for different values of the fruction of
active sites £ of the SOMIM .

large values of Q resulted in BTCs that indicate increased retention, as manifested by the right shift of peak con-
centration of the curves. In addition, forhigh Qs. extensive tailing as well as an overall decrease in effluent con-
centration was observed.

The influence of parameter f, which represents the fraction of active or dynamic sites within the mobile
region to the total amount of sites on the behavior of solute retention and transport. is shown in Figure 8-5 for
several values of /. There are similar features between these BTCs and those illustrated in the previous figures.
For "™ = 1. all the sites are active sites and thus there is no solute retention by the sites in the immobile region
(that is, stagnant sites). As the contribution of the stagnant sites increases (or f " decreases). the shapes of the
BTCs become increasingly less Kinetic with significant increase of the tailing of the desorption side of the
curves.

Inthe BTCs shown in Figures 8- 1 through 8-5 the irreversible retention mechanism for heavy metal removal
(via the sink term) was ignored. The influence of the irreversible kinetic reaction (such as precipitation) is a
straightforward one, soitis not shown. This is manifested by the lowering of solute concentration for the overall
BTC for increasing values of k. Since a first-order reaction was assumed. the lowering of the BTC is propor-
tional to the solution concentration. The influence of other parameters. such as P”*. D", and v. on the behavior
of solute in soils withthe SOMIM have been studied elsewhere (van Genuchten and Weirenga 1976, Selimand
Mansell (1976) and are thus not examined here.

m

SOMIM COMPUTER PROGRAM

The computer code for the SOMIM is written in Fortran. It consists of a source (or main) program and two
subroutines, TRIDM and INTEG. The source program outlines the DIMENSION and COMMON statements.,
the READ statements for the input parameters, the WRITE statements for the output data. and carries out the
overall step-by-step sequence of program calculations. In addition. it calculates the time steps and incremental
distances that satisfy the stability and convergence criteria (Pinder and Gray 1977) for the numerical solution
foreach given problem. All computations of the finite-difference approximations for the convection—dispersion
equation and the retention equations and calculation of the coefficients needed for the set of equations at each
iteration and for each time step are also carried out in the source program. The input and output variables used
in the SOMIM are given in Tables 8-1 and 8-2. respectively.
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Table 8-1. List of input parameters required for SOMIM.

Curd  Column Variable
number  number Format name Definition
I 130 20A4 USER User’s nume or any other information toptionaly
1 1-80 20A4 SOIL Soil name or any other information (optional)
1l 1-80) 20A4 SOLUTE Solute species or other information (optional)
Vi 1-80 20A4 DATE Date. experiment number, or any other information (optional)
! S1-70 E20.6 TH Soil moisture content (0), cm* em
25170 E20.6 ROU Soil bulk density (p). g cm *
3 51-70 E20.6 coL Thickness of soil profile (L), cm
4 S1-70 E20.6 WFLX Water flux (v), cm hr !
5 S1-70 E20.6 Cl Initial solute concentration in soil solution (C ). mg L !
6 S51-70 E20.6 CS Concentration of applicd solute solution (C ). mg L :
7 51-70 E20.6 D Dispersion coefficient (D), cm® hr !
g8 51-70 E20.6 ST Total sorption sites {5,), mg kg '
9 51-70 E20.6 F Fraction of sites in dynamic (or active sites in mobile) region 1o
total amount of sites (7)., dimensionless
10 S1-70 E20.6 FTH Fraction of mobile water to total water content (@7/6@), dimensionless
it 51-70 E20.6 K1 Forward rate cocfficient (& ). hr !
12 51-70 E20.6 K2 Backward rate coefficient (k,), hr !
13 51-70 E20.6 KS Irreversible rate coefficient (& ). hr '
4 51-70 E20.6 TR Mass transfer coefficient (e, hr '
15 51-53 13 IT Number of iterations (r)
16 51-70 E20.6 TPULSE Duration of pulse (!p). hr
17 S51-70 E20.6 TTOTAL Total simulation, hr
18 51-70 E20.6 TPRINT Time interval for printout, hr
19 5170 E20.6 DX Initial guess for depth increment (Ax), cm
20 51-70 E20.6 DT Initial guess for time step (A, hr

Table 8-2. List of output variables used in SOMIM.

Variable Definition Unity
TIME Simulation time (1) hr

V/VO Pore volume of effluent AV ) dimensionless
C/CO Relative concentration in effiuent solution (C/C ) dimensionless
X Soil depth (x) ¢m

M Solute concentration in the mobile region (™) mgl'

CIM Solute concentration in the immobile region (¢'™) mglL '
KAPPA1  Rate cocfficient () dimensionless
KAPPA2  Rate cocfficient (k) dimensionless
KAPPAS  Rate cocfficient (k) dimensionless
TRANSC Raie coefficient (¢1) dimensioniess
OMEGA  Total sorption (£2) dimensionless
PE Peclet number (P) ditnensionless
M Amount of solutes sorbed in the active region (57) mg ky !

SIM Amount of solutes sorbed in the stagnant region (5°7) mg kg '

SIR Amountof s mg kg "
TSMW Total amount of solute in solution in mobile phase mgem -
TSIMW  Total amount of solute in solution in immobile phase mgem °
TSM Total amount sorbed in active regioa (57) of soil profile mgem °
TSIM Total amount sorbed in stagnant region (7 of soil profile mg cm *
TSIR Total amount sorbed in isreversible phase (s ) of sorl profile. mgem f
TEFFL Total amount in ¢ffluent mgem -

BAL Mass balance of solute o e
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Subroutine TRIDM provides a solution for a set of linear equations using the Thomas algorithm (Pinder and
Gray 1977) fortridiagonal matrix-vector equations. INTEG is an integration subroutine forequally spaced vari-
ables: it is called by the source program to calculate the mass balance (input vs output) at specified times as
desired.

Two versions of the SOMIM are available: one is for use with mainframes and the other with personal com-
puters. The input section for the mainframe version is given at the end of the Fortran code. The user must adjust
the job-control cards according to the mainframe system to be utilized.

A PC version of SOMIM is provided (SOMIMPC.FORY); it requires a Fortran compiler for personal com-
puters and includes an executable file named SOMIMPC.EXE. A computer listing of the Fortran code for the
PC version is given in Appendix D. The PC version is interactive and allows the user to choose to enter the re-
quired input data inone of two ways: interactively through the keyboard, or by providing the name of anexisting
file thatcontains the input data. Anexample of an input data file tobe used with the PC version (SOMIMPC.DAT)
isincluded in Appendix D. The input parameters listed in SOMIMPC.DAT were used for the sensitivity analysis
presented in Figure 8-2. A sample of the SOMIM output calculations for the input parameters given in
SOMIMPC.DAT is included at the end of Appendix D.

To use the compiled SOMIM file, the user need only type SOMIMPC to run the program. You will then be
prompted for the name and destination of an output file where all modei calculations will be stored. If you choose
to provide the input data interactively, you will also be prompted to enter the appropriate input parameters in
the order given in the data file. For convenience, default values for soil parameters and reaction rate coefficients
are included. The default value will be used for any parameter if you do not provide an entry. The defaultvalues
represent average values of soil properties and the rate coefficients; they were taken from Selim and Amacher
(1988).

If you make a mistake in entering an input value, we recommend that you terminate the program and run the
model again by typing SOMIMPC.

The SOMIM computer codes do not require modification. Although the Fortran code can be modified, this
is discouraged unless the modifications are made by an experienced user.

The mostcommonly encountered modifications are to the DIMENSION statements. As written, the program
code prescribes an array size of 500 for all declared variables (™, ¢™, 5™, etc.). This represents the number of
nodal points along the soil profile N where N = Av/L. The size of incremental step Ax also depends on the value
of flux v-anddispersion coefficient D, which must satisfy the stability and convergence criteria (Pinder and Gray
1977) for the numerical solution of the finite-difference form of the convection—dispersion transport equation.
Adjustments of the array size may be necessary for large values of vor L. Further modifications of the computer
code are only necessary if additional reactions or other changes in the model configuration must be incorporated.
The remaining body of the code should not be changed.
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Chapter 9. A Second-Order Retention Approach; Validation

We have presented a second-order kinetic approach for the description of solute retention during transport
insoils. The basis for this approach is that it accounts for the sites on the soil matrix that are accessible for reten-
tion of the reactive solutes in solution. This approach was incorporated with the fully kinetic two-site model
where the difference between the characteristics of the two types of sites is based on the rate of kinetic retention
reactions. We also assume that the retention mechanisms are site-specific, e.g., the sorbed phase on type 1 sites
may be characteristically different in their energy of reaction and/or the solute species from that on type 2 sites.
This approach, fully described in Chapter 7, was referred to as the second-order two-site (SOTS) model. In
Chapter 8, the second-order approach was extended to a diffusion-controlled mobile—immobile or two-region
model (SOMIM). In the SOMIM, we assume ®" as the mobile water content that is present inside large ( inter-
aggregate) pores where solute transport occurs by convection and dispersion. The immobile water (@) is
located inside aggregate pores (intra-aggregate) where the solute transfer occurs by diffusion only. ¢™ and "™
are solute concentrations in the mobile and immobile phases, respectively. In addition, the soil matrix is
assumedto be divided intotwo regions (orsites), namely a dynamic oreasily accessible regionand a less access-
ible region. The dynamic region is located close to the mobile water phase, and the stagnant region is in contact
with the immobile phase (for additional details see van Genuchten and Wierenga 1976). Analogies between the
mobile-immobile concept and that of the two-site approach can be made. One may regard the dynamic and stag-
nant regions for solute retention as analogous to the type 1 and 2 sites of the two-site concept. Nkedi-Kizza et
al. (1984) presented adetailed discussion on the equivalence of the mobile-immobile and the equilibrium—kinetic
two-site models.

A prerequisite for the validation of a model, such as the proposed SOTS model and the SOMIM, is that the
necessary (input) model parameters be obtained independently. In this chapter, model validations were carried
out using batch and miscible displacement data sets for Cr(VI) from three different soils. Furthermore, when-
ever possible we used parameters that were either independently measured or estimated by indirect means.

EXPERIMENTAL

The soils used in this study are listed in Table 9-1 along with their taxonomic classification and selected
chemical properties. The soils were air-dried and passed through a 2-mm sieve before use. The retention of
Cr(VI) by the soils was studied using the batch method outlined by Amacher et al. (1986, 1988). Initial con-
centrations of Cr(VI) in the solutions reacted with the soils were 1, 2, 5, 10, 25, 50, 75, and 100 mg L~ Back-
ground solution composition for the Cr solutions was 0.005 M Ca(NO3),. A radionuclide tracer (7.4 x 106 Bq
L Cr) was added to the Crsolutions to )

follow the extent of the retention reac- . . . .
Table 9-1. Taxonomic classification and selected chemical

tions. . .
. . properties of the three soils.

The retention experiments were car-
ried out as follows. Duplicate 4.0-g sam- Organic
ples of each soil were added topreweighed Taxonomic matter  CEC ~ Fe.0,

. Soil classification pH (%) (emol+ kg™') (%)

50-mL polypropylene centrifuge tubes.
Then40mL of eachCrsolution wasadd-  Cecit Clayey.kaolinitic,thermic 5.1 024 372 10.2
ed to the duplicate samples of each soil, Typic Hapludults
and the samples were vortex-mixed. The  Otivier Fine-silty, mixed. thermic 64 099 8.3 114
tubes were placed endwise in a box on a AguicFragiudalfs
shaker setto shake at 120 osc min'I .The Windsor  Mixed. mesic 54 0194 1.20 220

Typic Udipsamments

samples were shaken for 1S min every 2
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hr. After2,5.8,24.48, 72,96, 144, 192,240, 288, and 336 hr, the samples were centrifuged for 5 min at 1300
X g, 20.0 mL of supernatunt were withdrawn for counting the 320 keV Sler peak by gamma spectrometry, the
pH of the supernatants was measured, and the samples were reweighed. vortex-mixed, and returned to the
shaker.

Concentrations of Cr in the sample solutions were calculated from the specific activities of the initial solu-
tions and measured activities of the sample aliquots. Correction for radionuclide decay was avoided by counting
the initial solutions each time sample aliquots were counted. The amounts of Cr retained by the suils were cal-
culated from the differences between the initial Cr concentrations in solution and the concentrations at each sam-
pling time, with a correction for the amounts removed for counting.

The second-ordertwo-site (SOTS) model was used to describe the retention data sets with a nonlinear, least-
squares, parameter-optimization method (van Genuchten 1981). The criteria used for estimating goodness-of-
fit of the model to the data were the r-square and the root mean square statistics. The extra sum of squares prin-
ciple (Kinniburgh 1986) was used to determine if there were any statistically significant improvement in the
fit of the model to the data by adding more parameters (i.e., a two-reaction. three-parameter version vs a three-
reaction, five-parameter version). Additional details are given in Chapter 4 and are also available in Selim and
Amacher (1988).

Miscible displacement experiments were also performed to evaluate the SOTS and SOMIM models. Plexi-
glas columns (4.4 cm in diameter X 6.35 cm long) were uniformly packed with each soil to a given bulk density
(Table 9-1). Several pore volumes of 0.005 M Ca(NO,), were introduced into each column at a consmnt flux
(Table 9-1) to equilibrate the soils with the baclwround solution. A pulse of radio-labeled 100mg L™ Yerovn
-0.005 M Ca(NO ),, solution was introduced into each column at a constant flux, followed by several pore vol-
umes of Cr-free del\UI'OUI‘ld solution to elute the columns and obtain a complete breakthrough curve for each
soil. A fraction collector was used to collect column effluent. The 320 keV ' Cr tracer was counted using gamma
spectrometry. To determine the dispersion coefficient (D) and the mass transfer coefficient (&), a pulse of tri-
tium (3H,,O) and chloride-36 (*°Cl) was applied to each column prior to the Cr(VI) pulse. Liquid scintillation
spectrom-etry was used to count the chloride-36 and tritium radiotracers.

KINETICS

Having formulated the model to include the total amount of sites or the retention capacity ) and the frac-
tion of type 1 sites to the total amount of sites (F), some convenient method is needed to estimate their values.
If the solute retention reactions with the two types of sites are reversible and reach equilibrium, then the rela-
tionship between retained solute and solute remaining in solution can be described by the following two-site
Langmuir equation:

/sT =F [0)I /(1 + o, A+ =-F) [m2 /(1 + o, ¢l 9-1)
where
s/sT = (sI + s._,)/.s',r. (9-2)

Here s represents the total retention capacity (mg kg") or the total number of sites on matrix surfaces as time
invariant. In addition. s, and s, (mg kg") are the amounts of solute retained (or the filled sites) on type 1 and
type 2sites, respectively,and s (=5, + 5,) is the total amount of solute retained (or the filled sites). Moreover,
F represents the fraction of type 1 sites to the total amount of sites. Equation9-1 may be derived from the Kinetic
second-order two-site concept, described in Chapter 7, when equilibrium conditions become dominant. As

pointed out by eq 7-9 and 7-10, when equilibrium conditions (+ — oo ) are reached. we have

Ok ¢ c-pky,s =0 (9-3)
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or

5| /(¢| )= (@kl/pkz) = (9-4)
and for type 2 sites, we have

@k 0,c—pk,s,=0 (9-5)

or

55/(0,¢) = (Ok,/pk ) = 0, (9-6)

Here w, and o, represent equilibrium constants for the retention reactions, and 9, and 6, are the numbers of
vacant snes associated with type 1 and type 2 sites, respectively. k,and k, (hr™ h dre the forward and backward
rates of reaction for type 1 sites, whlle k,and &k are the coefﬁcnents for type 2 reaction sites, respectively, ©
is the soil water content (cm® cm™ ) and pis the soil bulk density (g cm™ )

The two-site Langmuir equation was used to describe data for Cr(VI) retention by Cecil, Olivier, and Wind-
sorsoils after 336 hrof reaction (Fig. 9-1, Table 9-2) using the nonlinear, least-squares, parameter-optimization
scheine of van Genuchten (198 1). It was assumed that the reactions between Cr(VI) in solution and the two types
of sites had attained equilibrium in 336 hr even though small amounts of Cr(VI) were still being retained by the
soil. The continuing reaction between Cr(VI) in solution and the soil was ascribed to an irreversible reaction
that is included in the model (eq 7-14). The process responsible for this irreversible reaction is discussed below.
It is important to realize that only the reactions of Cr(VI) with the twu (ypes of reaciion sites were assumed to
attain equilibrium in 336 hr. Overali retention had not reached equilibrium because of the irreversible reaction.
However. if the magnitude of the irreversible term is small, as is the case here, then reliable estimates of s_and
F can! . made although the actual St is somewhat smaller,

The statistical results from the parameter optimization scheme indicate a close approximation of the two-
site Langmuir equation to the experimental sorption isotherms (Fig. 9-1 and Table 9-2). However, a close
approximation of the data does not constitute proof that two tvpes of reaction sites actually exist (Sposito 1982).
Parameter optimization merely provides a convenient method for estimating retention parameters given a pre-

1000 T T T I 500
Time = 14 days .
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800 —400
Windsor
- 600 —1300
(o]
X
o
£
5 .
400 Oilivier —{200
200 —100
1 1 1 | 0
0 40 80 120 160 200

c,mglL!

Figure 9-1. Chromium (V1) sorption isotherms for Cecil, Windsor, and Olivier
soils after 14 days of reaction. The solid lines are calculated isotherms using the
equilibrium mwo-site Langmuir model.
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Table 9-2. Maximum Cr retention capacity scribed model. Toourknowledge noreliable and independ-
(s, and fraction of sites (F) for three svils  entexperimental method has been developed by which the
using equilibrium two-site Langmuir model. two types of reaction sites can be distinguished unambigu-

ously und theirconcentrations accurately measured in soils.

~

Soil s o A’ ’ F The time-dependent retention of Crt VI by Cecil. Olivier.
and Windsor soils was described using the SOTS model

N ¢ Y - ~ bR} - . .

Ceat 09996 8801127224 0224 £0.019 (Tables 9-3,9-4.9-5: Figures Y-2.9-3.9-4). Two versions

Ohivier 09997 156 475 210 0048 £0.007
Windsor 09983 6.1 734 41 (LOR2 £0.019

of the model were used: a three-parameter or one -site ver-

sion (kl k5 and k). inwhich s was not difterentiated into
type | und type 2sites (F = [), and a tive-parameter or two-
ste version(k k.. ki pand k) inwhichtwotypes of reaction sites were considered. Formost C s, either the
three- or tive-parameter versions described the data adequately with kigh r-square values and low parameter
standard errors. The exception was the description of retention data for Olivier soil at high C, where the retention
of Cr{VI) was not highly kinetic and more scatter in experimental data points was observed.

For Windsor soil. the five-parameter model version provided the best description of the data ot low C.
whereas the three-parameter model version was best for higher C - Asignificantimprovement in model good-
ness-of-fit was observed using the five-parameter version as compared to the three-parameter version at low
€ values Athigh C, no statistically signiticant improvement in goodness-of-fit could be obtained using the
five-parameter version. Parameter values were often poorly defined with the five-parameter version at high C.
indicating probable overfitting of the data.

If the fraction of type I sites is small. as was the case with the Olivier und Windsor soils, then their contri-
butiontothe kinetic solute retention curve will be small und indistinguishable at high solute concentrations. For
the Cecil soil, where the fracrion of type | sites was significant (22.4% ). the five-parameter model version was
superior to the three-parameter version atall C s except for C0 =1mg L™ Therefore. the applicability of the
five-purameter versiontoa wide range of solute concentrations was directly related to the magnitude of the frac-
tonoftype | sites. As F increased (Olivier < Windsor < Cecil). the concentration range increased. over which
the five-parameter version provided a better description of the data than the three-parameter version.

The shapes of the experimental data curves and model calculations (Fig. 9-2.9-3.9-4) are influenced by C.
Athigher C retentionof CrtVI) froni solution was tar less Kinetic than at lower Cn. This behavior is as expected
1f the concentration of one or more reaction sites limits reaction rates. At C,=100mglL ! there were 4 myg of
Cr(Vi)available tor reaction in a 40-mL solution volume. The maximum possible amount of CR retention in
Jeofsoil was4.5.1.9.and 2.9 mg (solute weight basis) for Cecil. Olivier, and Windsor soils. respectively. Thus,
maximuim possibic Cr retention in the Cecil soil was about equal to the amount of Cr available tor retention,
put wus much less than the amount of Cr available for the Olivier and Windsor soils. Since the amount ot type
I sttes was much Fass than the total, their contribution to the overall reaction is actually quite negligible at high
solute concentrat.ons. The influence of S/C or €2(Q = 51 P/C ©)was defined when soluie retention during
transport was considered previously (see equation 7-24 and Figure 7-8).

The magnitudes ot the rate coetticients in Tables Y-3,9-4 and 9-5 also depend on ¢ e especially » which
decreases as C increases. Although the model is successtul indescribing retention data fora given € the same
rate coefficients cannot be used at substantially ditferent C,Itis doubtful thationic strength differences are re-
spunsible. since ionic strength varied only trom 0.015 to 0.018. Difterences in pH are also not Tikely to be re-
sponsible. since measured pH differences forall C“s and at all reaction times were less than a 0.3 pH vnit. The
variation in rate coefficients with €, might be attributed to changes in reaction mechanisms as C_increased or
te failure toaccount fora:icctios components. Thus. the SOTS modes taay not provide a complete description
of 1} possible processes that occur during retention. The model is capable of describing the time-uependence
of ~olute in solution, vacant sites, and solute-site complexes. However, only removal of Cr(VI) trom soil solu-
tion was experimentally measured. Foracomplete kinetic rate law. the time-dependence of otherreactioncom-
ponents must also be considered such a« the species already on the retention sites that were replaced by Crions.
Thus. this mndel nuiy be regarded as an apparent rate law, rather than a mechanistic one.

Although the SOTS model can accurately describe experimental data. this does notmean thatitis the correct
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Table 9-3. SOTS model parameters for Cr(VI) retention by Cecil soil at several initial concentrations (C ).

C, No.of , K, k> k; ky Ky
(mg L—I) parameters 1 ms? 1/11'“’)
| 3 0983 0.00179 0.0128 £ 0.00101 0.0391 £ 0.00816 — — 0.322 £ 0.086
5 0,992 0.00118 ns 0.0175 £ 0.00288 0.102 £0.0236 0.0127 £0.00388  0.0243 £ 0.00537 0.265 £ 0.0716
2 3 0.893  0.00686 0.0153 £ 0.00184 0.0387 £ 0.0126 — — 0.155 £ 0.0900
N 0978 0.00310 #=* 0.0396 + 0.00575 0.094 £ 0.0168 0.0113£0.000111  0.0150 £ 0.00525 0.0530 £ 0.0891
5 3 0.923  0.0251 0.0130 £0.00122 0.0504 £ 0.0130 — —_ 0.0669 * 0.0371
5 0983 00117 = 0.0240 £ 0.00597 0.225 £ 0.0573 0.0128 £ 0.000719 0.0313 £ 0.00582 0.0395 £ 0.0253
10 3 0971 00548 0.0102 £0.000674  0.0554 £ 0.0104 — — 0.0345 £ 0.0172
5 0994  0.0250 = 0.0222 £ 0.00219 0.142 £ 0.0231 0.00797 £ 0.000339  (.0319 £ 0.00460 0.0199 £0.0113
25 3 0952 0314 0.00774 £ 0.000912 0.103 £0.0225 — — 0.0133 £ 0.00583
5 0994 0.1 “0.0309 £ 0 .00500 0.250 £ 0.464 0.00431 £ 0.000273  0.0530 £0.0732 0.00872 £ 0.00267
50 3 0967 0830 0.00431 £ 0.000607 0.111 £0.0249 — — 0.00347 £ 0.00155
5 0995 0.273 k. 0.0214 £ 0.00565 0.294 £0.0820  0.00247 £0.000153 0.0581 £0.00736  0.00249 + 0.000613
75 3 0945 1.07 0.00555 + 0.000937 0.198 £ 0.0429 — -— 0.00178 + 0.000641
5 0994  0.345 = 0.00180 £ 0.000270  0.0338 £0.00632  0.00844 £ 0.000863  0.317 £0.0374 0.00123 £ 0.000194
100 3 0925 193 0.00344 + 0.000730 0.148 £ 0.0427 — — 0.000940 £ 0.000563
5 0976 112 # 0.036 +0.145 0.374 + 1.60 0.00193 £ 0.000305  0.107 £0.0246  0.000676 + 0.000332

4 = Tool Mean square.
b =" and ** indicate that the rms for the three- and five-parameter models are significantly different at the 0,05 and 0.01 levels of probability, respectively:
ns = not significant.

Table 9-4. SOTS model parameters for Cr(VI) retention by Olivier soil at severalinitial concentrations (C ).

C No. of ’ kl K5 Kk k4 k

(m:,"‘L_I) parameiers ¥ rms? - (Iu'_/) i g

1 3 0.921 0.0344  0.00113 £ G.000472 0.119 £ 0.0612 — — 0.00103 + 0.0005367

2 3 0.805  0.0803 0.00155 £0.000915 0.194 £ 0.138 — — 0.000789 + 0.000566

5 3 0.889  0.130 0.00154 £ 0.000959 0.326 £ 0.232 — — 0.000777 £ 0.000780

10 3 0.867  0.209 0.00210 £ 0.00153 0.569 £ 0.483 — — 0.00055 £ 0.000192
25 3 0.406 1.09 0.00141 £ 0.00189 0.470 £ 0.689 — — 0.000335 + 0.000391
50 3 0.389 1.98 0.000441 + 0.000645 0.155 £ 0.259 — — 0.000101 £ 0.000366
75 3 0.272 215 0.000941 £ 0.000144 0.410 £ 0.594 — - 0.000124 + 0.000233
100 3 0.121 3.20  0.000839 £(0.00183 0.353 + 0.822 — — 0.000012 £ 0.000253

a = root mean square.

Table 9-5. SOTS model parameters for Cr(VI) retention by Windsor soil at several initial concentrations (C ).

C” _ No. of 5 . kl k: kﬁ —l k_, k.\‘
(mg L™" ) parameters v rms* (hr ")

I 3 0.969  0.20% =b 0.00119 £ 0.00170  0.0409 £ 0.054 — — 0.0255 £0.120
5 0.997  0.00694 0.0546 £ 0.00640 0.400 £ 0.0546  0.000502 £ 0.000079 0.0411 £0.00933  0.00373 £ 0.000454

2 3 0.974 0489 0.00103 £ 0.00197  0.0437 £ 0.0593 — — 0.0195 £0.138
5 0.997 0.0144 # 0.0450 £ 0.01306 0.725+£0.236  0.00109 £ 0.000112 0.0883 £0.0122  0.00298 £ 0.000280
5 3 0.948 0.131 0.00257 £ 0.000767  0.245 £ 0.902 — — 0.00217 £ 0.000502
5 0.992  0.0503 *  0.00312 £ 0.000826 0.0384 £0.0116 0.004H48 £ 0.00134 0.654 £ 0.216 0.00171 £ 0.000205
10 3 0.973  0.152 0.00173 £ 0.000351 0.219 £ 0.0559 — —_ 0.00103 + 0.000263
5 0.993 0.0745 = 001142000135  0.0835+0.0115 0.0343 £ 0.00393 1169 £0.59 0.000844 + 0.000106
25 3 0.966  0.309 0.00138 £ 0.000335  0.283 + 0.0809 — — 0.000524 £ 0.000153
5 0981 0.225 s 0.0031220.00109  0.0639 £0.0254  0.00184 £ 0.000805  0.628 £0.300  0.000550 + 0.000097
50 3 0810 1.12 0.00100 + 0.000555 0.28 £ (L181 — —_— 0.000369 £ 0.000237
75 3 0.819  1.37 0.000816 £ 0.000400  0.267 £ 0.152 — — 0.000278 £ 0.000181
100 3 0.713 185 0.000648 £ 0.000375  0.229 +().157 — — 0.000133 + 0.000175

a4 = root Mean square.
b = * indicates that the rms for the five-parameter models is significantly different at the 0.01 level of probability: ns = not significant.
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¢, mgL1

Figure9-2. Concentration of Cr
vs time for a range